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pk )M the laboratories where the transistor 
was first developed comes this unique ex- 
position of the principles of germanium tran- 
sistor fabrication, with specific information 
necessary in each step leading to production 


ANSISTOR on a commercial scale. Original material pre- 


pared by BTL for use by the Western Electric 


KOE | Company and its licensees has been reviewed 
; and revised in the light of current practice, and 
NOLOGY new material added, to make this first of a 
. two-volume work an edition of enduring im- 

; portance and validity. 
Volume Germanium metal for use in transistors re- 
One { quires unusual purifying, and the newest zone- 


melting processes that achieve exceptionally 
pure results in commercial quantities are thor- 


oughly described. How single crystals of pure 
germanium are “seeded” and grown, both in 
simple and complex junction structures, is ex- 
plained. 


The enormous demand for transistors arising 
prior to the development of production re- 
quired a speeding up of process routines. Out- 


lined here are methods of gearing design, test- 
ing, and manufacture under circumstances that 
resulted in quick large-scale production of a 


thoroughly reliable device. These principles 
can act as a guide for anyone facing the prob- 
lem of bridging the gap between research and 
industrial fabrication. The actual processes are 
set forth as they were developed — preparing 
the crystal, forming the junctions, treating 
EDITED BY the surface, attaching electrodes, capsulating 

the transistor, and testing to performance 
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Characterizing the performance of transis- 


BRIDGERS, MEMBERS OF THE TECHNICAL STAFF tors is explored, together with the principles of 
SCAFF BELL TELEPHONE LABORATORIES, INC. | measuring capacity, frequency, noise distor- 


and tion, and efficiency. Directions are given for 
SHIVE judging the reliability of transistors and their 
aging characteristics both as units and as com- 

ponents in various systems. 


While transistor technology is still evolving, 
this book of principles brings to scientists and 
engineers, as well as advar ved students of ap 
plied solid-state science, an invaluable aid | 


The basic principles of germanium transistor fabrication, fundamental the understanding of present-day transistor 
to the understanding of the more advanced aspects of present-day | — * eat 
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THE BELL LABORATORIES SERIES 
is a group of books arising out of the 
broad investigations of the Bell Tele- 
phone Laboratories, a research and devel- 
opment organization whose more than 
3,000 scientists and engineers deal with 
every aspect of communications and allied 
fields. For over thirty years the series 
has represented some of the most notable 
contributions to the literature of science 
and engineering. 

Here, clearly and accurately presented, 
are theoretical and practical texts from 
one of the world’s greatest industrial 
laboratories. The various authors, all 
members of Bell Laboratories’ technical 
staff, are recognized leaders in their re- 
spective fields. 


The continuing authority of the series 
is assured by careful revision as signifi- 
cant new developments take place. Titles 
are added as new areas of scientific and 
technological activity are sufficiently de- 
lineated for detailed discussion. 


A complete list of titles now available 
in THE BELL LABORATORIES 
SERIES appears on the back panel of 
this jacket. 
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FOREWORD 


By 1952, it was apparent to many workers in the field that the inven- 
tion of the transistor had stimulated the growth of an important new 
branch of electronics—transistor technology. Because of the keen in- 
terest of the defense agencies and at their request, Bell Telephone Lab- 
oratories and the Western Electric Company conducted a symposium on 
transistor technology in April of that year. The essential material of 
this symposium was printed in a pair of classified volumes and dis- 
tributed to those who attended the symposium and to other authorized 
ywencies and personnel. 

The resulting texts attempted to present a state-of-the-art report on 
materials, structures, and fabrication techniques through the pilot-line 
phase. At that time, it was not possible to give all-inclusive details on 
ull procedures; rather the treatment stressed the fundamental principles 
involved and provided illustrations by selected current examples. It 
was hoped that such a treatment would be helpful to those entering the 
field, and further, that through the combined efforts of all participants 
(ransistor technology would advance more rapidly to the benefit of our 
national security and economy. 

Since that time material of the nature covered in the early volumes 
lus been declassified. Moreover, new structures and processes of high 
promise have developed at an almost breath-taking rate as a result of 
the combined efforts of the many competent workers in the whole field. 
In the continuing belief that rapid dissemination of new technical know]l- 
edge will still further accelerate the growth of transistor technology, 
these new volumes are being published. The fundamental principles out- 
lined several years ago have demonstrated their soundness, and this evi- 
dence of their validity warrants their publication. Volume I of Tran- 
wistor Technology remains the basic framework as originally compiled 
hut brought up to date by the inclusion of new knowledge. Volumes II 
and IIT provide additional modern developments in materials, structures 
and techniques to further illustrate the basic principles. Some of the 
important advances made by members of other organizations have been 
kindly contributed and appear in the Supplements along with the work 
of our own staff. We trust that we have duly acknowledged through 
appropriate references in the text the contributions made by all. 

It is our earnest hope that this new material compiled in one place will 
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be helpful to all workers in the field in their cooperative advance of the 
art. It is particularly hoped that it will be useful to university people 
who are desirous of increasing the number of scientists and engineers 
trained in this important and rapidly expanding branch of applied solid- 
state science. 


J. A. Morton 


Director of Device Development 
December 1957 Bell Telephone Laboratories 





PREFACE 


A recognized approach in the pedagogics of teaching a new field is to 
follow approximately the chronology of the development of knowledge 
concerning the subject. By doing this one lays the groundwork for a 
better understanding of continuing developments as they evolve. 

Because the material in this book embraces information fundamental 
to the understanding of the more advanced aspects of present-day 
transistor technology to be treated in Volumes II and III, we believe 
that transistor designers and processing engineers will want to bring this 
material into their store of working knowledge. The book should be 
useful also to students and to industrial engineers who intend to concen- 
trate in semiconductor device activity. 

The preparation of the material in this book has been guided by the 
determination to place the main emphasis on principles rather than on 
the methods and means of actual production. The book therefore cannot 
be regarded as a shop manual or processing handbook. While specific 
descriptions of many specific processes are indeed given, their inclusion 
is more for the purpose of illustrating principles than for the purpose of 
laboring the processes themselves. This determination has been dictated 
by the realization that the field of transistor processing is in a state of 
such flux that it will be many years before a processing handbook can 
be written which will not be obsolete before it can be printed and dis- 
tributed. However, the basic principles underlying the specifics of the 
technology are more enduring, and this volume has been prepared using 
material which, although by no means up-to-the-minute, is nevertheless 
of classical importance and validity. 

lor their aid in the compilation of this book, acknowledgments are 
due to many people. There are, first of all, the individual authors who 
prepared the material for the 1952 symposium. For the most part, the 
reviewing and revising of this material for the present volume was done 
by the same authors who originally produced it. In those cases where 
the original authors were not available to review their own material, the 
task of review and revision was assigned to alternate reviewers. Ac- 
knowledgment is made to each author at the beginning-of the chapter 
or section which he contributed, as well as in the list appearing on page 
IX, 

In addition, we wish to thank Jack A, Morton for guidance in the 
i vii 
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definition of scope and objectives, and Kenneth M. Collins for preparing 
the material for publication and for compiling the index. 


H. E. Brincers 
J. H. Scarr 


J. N. SHIvE 


January 1958 Editors 
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The authors participating in the preparation of this volume, who are 
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Some of these authors, since writing their portions of this volume, 
have formed new connections: A, BE, Anderson, Western Electric Com- 
; ix 


x ContTRIBUTORS TO VoLUME I 


pany; H. E. Corey, American Telephone & Telegraph Company; B. G. 
Farley, Massachusetts Institute of Technology; G. S. Horsley, Pacific 
Semiconductors, Inc.; L. W. Johnson, Western Electric Company; R. J. 
Kircher, Hughes Aircraft Company; B. Sawyer, Sawyer Research Prod- 
ucts, Inc.; G. K. Teal, Texas Instruments, Incorporated; J. E. Thomas, 
Jr., Wayne University; and L. B. Valdes, General Electric Company. 





TABLE OF CONTENTS 


Page 
|"OREWORD ; Vv 
PREFACE : : : ; : : ‘ . j : ; \ . Vii 
ContTrisuToRS TO VOLUME I . ; ‘ ‘ : ‘ ‘ : s 1x 
List OF ILLUSTRATIONS. . . : : i : : .. Xxiil 


Part I—Technology of Germanium Materials 
Introduction to Part I 


3 
CHAPTER 1—GERMANIUM TECHNOLOGY 5 
1.1 Germanium Dioxide ; oe 5 
1.2 Reduction of Germanium Dioxide in Hydrogen ; : 6 
1.3 Purification by Directional Solidification ‘ ; 7 
1.4 Tests for Acceptance of Germanium Dioxide 8 
1.4.1 Preparation of Test Ingot : 9 

1.4.2 Resistivity Measurements on Germanium Ingot 


Material . 10 

1.4.8 Measurement of Conductivity Type of Germanium 12 

1.4.4 Peak Back Voltage of Germanium . #2 «ms 26 
References for Chapter 1 ‘ : . : : . j . 15 
Symbols Used in Chapter 1. i a a ee oe ere 
CHAPTER 2—ZONE-MELTING PROCESSES . .... . 16 
2.1 Principles . . . fee a tee on oe og ee oe, 26 
2.1.1 Introduction . . . . 16 

2.1.2 Solute Distribution in "Normal Freezing .  . 16 

2.1.3 Purification by Zone-Refining . : . 20 

2.1.4 Uniform Solute Distribution by Zone- Leveling . 25 

2.2 Practice and Experience Data: Zone-Refining . . . 27 
2.3 Practice and Experience Data: Zone-Leveling . . . 34 
DipreIOUCOOMOU OO EGR ee a OA 

2.3.2 Apparatus Ey 

2.3.8 Preparation for Zone-Lev eling Pee eid E 


2.3.4 Zone-Leveling 

2.3.5 Working Objectives 

2.3.6 Pilot Production Results 

2.3.7 Appraisal of the Zone- me Process 
References for Chapter 2 : : ; ; 
Symbols Used in Chapter 2 


CHAPTER 3—RECLAMATION OF SCRAP GERMANIUM 


3.1 Chemical Methods 
3.1.1 Chlorination of Germanium i 
3.1.2 Distillation of Germanium Tetrachloride 
3.1.3 Purification of Germanium by Extractive Methods 
8.1.4 Purification of Scrap Germanium 
Symbols Used in Chapter 3 


Part II—Preparation of Single Crystals 


CHAPTER 4—PREPARATION OF GERMANIUM SINGLE 
CRYSTALS BY THE PULLING METHOD: 
INTRODUCTION 


4.1 Some Aspects of Germanium for Use in Transistors 
4.2 General Aims of the Single-Crystal Work ’ 
4.3 Germanium Single Crystals by the Pulling Process 
4.4 General Status of the Single-Crystal Work 


CHAPTER 5—THE DISTRIBUTION OF SOLUTE ELE- 
MENTS: STEADY-STATE GROWTH 


5.1 Introduction d 
5.2 Equilibrium Distribution Coefficients 
5.2.1 Phase Diagrams : ; 
5.2.2 Experimental Procedure 
5.2.38 Experimental Results . ; 
5.3 Steady-State Concentration for a Finite Growth Rate 
5.3.1 Introduction 5 te pe : : 
5.3.2 Semiquantitative Theory ; 
5.3.3 Analysis for a Rotating Crystal 
5.3.4 Discussion of Assumptions . 
5.4 Solute Distribution in the Crystal . 
5.4.1 Distribution as a Function of Fraction Solidified . 
5.4.2 Purification by Fractional Crystallization 
5.5 Dependence of Distribution Coefficient upon Growth 
Conditions : ee eee es, |. 5 
5.5.1 Influence of Growth Rate ’ 
6.6.2 Influence of Rotation Rate 


TABLE OF CONTENTS 





TABLE OF CONTENTS 


5.6 Uniform Distribution of Solute 
5.6.1 Principles ; 
5.6.2 Calculation of Required Growth Conditions 
5.6.3 Variation of Growth Rate as a Function of Time . 
5.6.4 Variation of Growth Rate as a Function of Frac- 
tion Solidified 
Symbols Used in Chapter 5 


CHAPTER 6—THE DISTRIBUTION OF SOLUTE ELE- 
MENTS: TRANSIENT CONDITIONS 
6.1 Introduction . 
6.2 Effects Due to Fluctuations and Transients 
6.2.1 Time-Dependent Solutions . ‘ 
6.2.2 Transient Problems in the Growth of Junction 
Crystals . 
6.2.3 Problems of Melt Homogeneity . 
6.3 Some Special Problems of Crystal Growth 
6.3.1 The Lifetime of Current Carriers. 
6.3.2 Thermal Conversion during Crystal Growth 
6.4 Striated Concentration Distributions ; 
6.5 Temperature Distribution near a Solid- -Liquid Interface , 
6.5.1 Introduction . ; ; 
6.5.2 One-Dimensional Steady- State Analysis . 
6.5.3 Qualitative Effect of Sao Fluctuations 
on Growth Rate . . 
Symbols Used in Chapter 6 


CHAPTER 7—PREPARATION OF GERMANIUM SINGLE 
CRYSTALS gsere 
7.1 Obtaining the Single Crystal. 
7.1.1 Description of the Process . 
7.1.2 Materials . 
7.1.3 Growing Conditions 
7.1.4 Apparatus 
7.1.5 Operational Precautions 
7.2 Resistivity Control. . 
7.2.1 Single-Conductivity Crystals 
7.2.2 n-p Junction Crystals . 
7.2.3 n-p-n Junction Crystals 
7.2.4 Doping Precautions 
7.3 Evaluation . sii 
7.3.1 Resistivity 
7.3.2 Width of p Layer. in n-p-n Bars 
7.3.3 Lifetime . 
7.4 Appendix I—Dependence of Resistivity on “Arsenio Con- 
centration in n-Type Crystals , ‘ 


Page 


xiii 


101 
101 


103 


105 
106 


107 
107 
107 
107 


110 
111 
112 
112 
112 


119 
119 
121 


126 
129 


xiv TABLE OF CONTENTS 


Page 

7.5 Appendix II—Dependence of Arsenic Concentration in the 
Solid, Cs, on Concentration in the Initial Melt, Cn . . 152 

7.6 Appendix IM—Relationship between Gallium Concentra- 
tion in the Liquid and that in the Solid for n-p oo . 158 


Symbols Used in Chapter 7  . . 158 
CHAPTER 8—CONTROLS FOR THE n-p-n CRYSTAL- 

GROWING MACHINE... . «155 

8.1 Factors Influencing p-Layer Thickness . ; : . 155 
8.1.1 The Mixing Problem . : : .  . 156 

8.1.2 Control of the Growth Rate . ; : ; . 156 

8.2 Automatic Temperature Control. ; ; ; .  . 157 
8.2.1 Temperature Control Requirements . . 157 


8.2.2 Description of the Temperature Control System . 159 
8.2.3 Performance of the Temperature Control System . 161 
8.3 Crystal-Growing Performance . : . 162 
8.4 Present Status of the Growth of n- p- n Structures .  . 168 


Part I1I—Principles of Device Fabrication 
CHAPTER 9—PRINCIPLES OF DEVICE DEVELOPMENT . 167 


9.1 Introduction : : . 167 
9.2 Method of Stages, Phases, and Orders: Assumptions .  . 168 
9.2.1 Four Essential Stages . é . . 168 
9.2.2 Phases as Specific Functions . . . .  . 170 
9.2.3 Successive Ordinal Stages . : Jf ae TG 
9.3 Outline of Device Design, Fabrication, and Test . : . 173 
9.3.1 Phase I—Formulation of Requirements on the 
Characteristics of Transistors. . 173 
9.3.2 Phase II—Analysis of Transistor Structures: 
Design Theory and Experiment . . 175 
9.3.3 Phase I1I—Synthesis of Transistor Structures: 
Fabrication and Processing : : ; . 178 
9.3.4 Phase I1V—Measurement of Transistor 
Characteristics ‘ ; : : : : 2 (179 
64 Sumisery * <0) 03.6 ko Oe hee AGE oe ABD 
CHAPTER 10—A DESCRIPTIVE SUMMARY OF THE DE- 
SIGN THEORY OF TRANSISTORS . iene et LS 
10.1 Usefulness of Design Theory . ‘ . 182 


10.1.1 Definitions: Design Theory of Performance, 

Design Theory of Reliability, and Design Theory 

of Reproducibility, —. . 182 
10.1.2 Role of Design Theory in Controlling Properties . 184 
10.1.8 Need for Breakdown into Electronic Functions . 185 





TABLE OF CONTENTS 


10.2 
10.3 
10.4 


10.5 


10.6 
10.7 


10.8 
10.9 


Methods and Assumptions : . : ‘ 

Breakdown into Electronic Functions: Descriptive . 

Electronic Functions in the Planar p-n Diode 

10.4.1. Broad Description of Diode Action . 

10.4.2 Diode Rectification : 

10.4.3 Back-Voltage Limitation; Avalanche Breakdown . 

10.4.4 Photosensitivity ; : ; ; 

10.4.5 Surface Effects in Diodes 

10.4.6 End Effects in Diodes . . 

10.4.7 Recapitulation of Diode Action by Function ; 

The Planar Triode (n-p-n Junction Type) 

10.5.1 Triode Equivalent Circuit . : 

10.5.2 Emitter Efficiency and Admittance . 

10.5.3 Collector Multiplication Factor and Admittance 
(Zero Approximation) . ; . 

10.5.4 The Transport Function and Base Resistance “ 

10.5.5 Over-All Current Amplification Factor, Alpha. 

10.5.6 Corrections to Make the Circuit Independent of 
Terminations . . . ; . etd 

10.5.7 Design Considerations . 

Collector Multiplication 

The Point-Contact Triode 

10.7.1 Triode Equivalent Circuit 

10.7.2 General Features of Operation . 

10.7.3 Notes on Point-Contact Diodes . 

10.7.4 Emitter Admittance and Efficiency 

10.7.5 Collector Efficiency and Admittance 

10.7.6 Transport Factor and Base Resistance 

10.7.7. Summary for Point-Contact Units 

Note on Statistical Experimentation : 

Summary and Conclusions on Design Theory 


References for Chapter 10 . 
Symbols Used in Chapter 10 


CHAPTER 11—PRINCIPLES OF FABRICATION 


11.1 
11.2 
11.3 


11.4 


Statement of the Fabrication Problem 

The Flow Chart Method . 

Results: Selection of Structure and Material Properties 
as Guided by Design Theory 

11.3.1 Selection of Mechanical Structure 

11.8.2 Selection of Germanium 

11.3.3 Selection of Electrodes 

Conclusions . 


Symbols Used in Chapter 1 


Page 


185 
186 


188 
189 
201 
203 


206 
208 
209 
209 
211 


214 
215 
217 


217 
219 
220 
225 
225 
225 
227 
228 
229 
232 
233 
234 
234 
235 
235 


238 


238 
240 


245 
245 
249 
261 
262 
262 


xvi TABLE OF CONTENTS TABLE OF CONTENTS xvii 


Page : Page 
CHAPTER 12—MEASUREMENT OF THE PROPERTIES OF 14.7. Appendix—Derivation of Expression (14-1) for the J,(0,V) 
STARTING MATERIALS... . 264 Multiplication of a Device ee a Hole- eer Base 

.  .  . 840 

12.1 Evaluation of Material of Single-Conductivity Types . 265 Contact : 

12.1.1 Resistivity Measurements. . «265 Symbols Used in Chapter BOE at ey ASM Meee dn SE 
12.1.2 Measurement of Hole and Electron Lifetime : . 278 
12.1.3 Manipulator Evaluation of Material . : . 283 CHAPTER 15—SOLDERED OHMIC CONTACT ATTACH- 

12.2 Material of Multiple-Conductivity Types . : ‘ . 284 MENT . : : . 348 
12.2.1 Methods of Junction Location . . . .  . 286 15.1 Objectives and Scope of this Chapter toe 848 
12.2.2 Evaluation of Junction Properties . . . . 294 15.2 Assumptions Involved in the Discussion .. 343 
12.2.3 Separation between Junctions . : les . 296 15.3 Soldering to Intermediate Plated Layers on Germanium . . 844 
12.2.4 Optical Alpha Measurement . . .  .  . 297 15.3.1 Means for Soldering Contacts to Plated 
12.2.5 Laboratory Study of Material . ; : : . 800 Germanium . s . : . 845 

References for Chapter 12... fe” i MGM, 2 3301 15.4 Soldering Directly to Germanium . .  . 846 

Symbols Used in Chapter 12. ! ; ; : : i . 802 15.4.1 Means for Soldering Contacts Directly to 

Germanium... .  . 848 
CHAPTER 13—PRE-ELECTRODE SEMICONDUCTOR 
PREPARATION. . - + 808 CHAPTER 16—INTERMEDIATE SURFACE TREATMENT . 350 

13.1 Mechanical Shaping .. of Pe BL Se 5” 23808 16.1 Definition and Scope. . 350 
13.1.1 Sawing of the Semiconductor. - 303 16.2 Objectives to be Met by Intermediate Surface Treatments 
13.1.2 Mounting of the Semiconductor for Shaping and the Methods Used for their Achievement . . . 350 

Operations — Gore “hb Ss - + 805 16.3. Etch Solutions: Their Compositions and Eee .  . 854 
13.1.3 Methods of Sawing : - + . 806 16.4 Etch Procedures and Techniques .. .  .. 856 
13.1.4 Magnetostriction “Cookie Cutting” caer Sal’... “SIO Symbols Used in Chapter 16. . . . . . .~ ~~. «861 
13.1.5 Abrasive Blasting as a Shaping Method ; : . 312 
ae poland of Shaping Methods - . . . oo OHAPTER 17—FINAL ELECTRODE ATTACHMENT . . 362 
al; rasive Lapping en SAS S* 409. 

439 PreMlectiode Hurface Treatment” . af! Ge 319 17.1 ce ae Electrode Attachment for the Point-Contact 
13.2.1 Cleaning Operations . : ; . . : . 3819 vartridge pike F ; is 363 
fe Ee ; , oe 17.2 Pai e a es Se . e 

Collector Identificati fF 32 OBIS ‘ . reke 

Se ee a ee 17.2.1 Use of the Point Probe to Determine “Static Char- 
CHAPTER 14—CONTACTS AND ELECTRODES ..... 323 acteristics”. 370 

14.1 Ohmic Contacts: General Requirements and the Methods l te pie eens Se Pour Probe to Determine ‘Dynamic 
Characteristics”. ; . ws : . 372 
of Fulfilling Them . : : ‘ : . 323 17.2.3 Dielectric Dust 374 

14.2 Soldered Ohmic Contacts and Electrodes a ae, 829 , a Se ; i. Me 
17.8. Gold-Bonded Contacts . : . : ; : ; . 875 

14.2.1 Choice of Electrode Material . : i 2 . 829 : 

tA Dit) Welinatian 330 17.3.1 Method of Bonding ._. ; a a . 875 

14.3 Bonded Ohmic Contacts: Materials and Fabrication ‘ . 331 faite eh fee 1 ae Mwy VF e a 

14.4 Non-Ohmie Contacts: General Requirements and the ; 5 ay j ; ; : ; 
Methods of Fulfilling Them . . . . . .  . 882 4 Tp 

14.5 Point-Pressure Non-Ohmic Contacts . . .  .  . 836 CHAPTER SAL. AUB eee TREATMENT oe 88h 
14.5.1 Choice of Electrode Material. . . . . 836 18.1 Theoretical and Experimental Background . . .~ . 381 
RO ea bwngtion Wi lM AG bf (Bee 18.1.1 Folklore and Witchcraft . . . . . . 882 


6 AI io via SA ay 840 18.1.2 Theoretical Development . . . . . . 882 





xviii 


18.2 


TaBLE oF CONTENTS 


Practical Procedures . ‘ 
18.2.1. Dry Box Techniques 
18.2.2 Protection of Point- Contact Cartridge Transistors 
18.2.3 Protection of Junction Transistors 


CHAPTER 19—CAPSULATION . 


19.1 


19.2 
19.3 


Objectives of Capsulation . : 

19.1.1 The Requirements, and Methods of Meeting Them . ; 
Hermetic Capsulation of Grown-Junction Transistors . 
Plastic Capsulation of Junction Photodevices 

19.3.1 Requirements s 

19.3.2 Choice of Material 

19.3.3 Choice of Form . 

19.3.4 Development Tests and Final Design 

19.3.5 Final Tests ; 

19.3.6 Conclusion 


CHAPTER 20—ELECTRICAL PROCESSING 


20.1 


20.2 


20.3 


20.4 


General Relationships between the Structure and the 

Properties of Point-Contact Transistors 

20.1.1 Physical Properties of a Metal- Semiconductor 
Contact 

20.1.2 The Point- Contact Transistor 

20.1.8 The Influence of Forming on Current Maultiplica- 
tion . : 

Forming Techniques and Objectives 

20.2.1. Forming Procedures 

20.2.2 Forming Objectives 

Factors Affecting Electrical Forming 

20.3.1 Bulk Material Properties , 

20.3.2 Effect of the Surface Properties on Fe orming 

Pre-Aging Semiconductor Devices 

20.4.1 General Considerations 

20.4.2 Pre- -aging of Point-Contact Devices. 

20.4.3 Pre-aging of Junction Devices . 


References for Chapter 20 . 
Symbols Used in Chapter 20 


CHAPTER 21—ADVANCED DEVELOPMENT OF A HER- 


21.1 


METICALLY SEALED POINT-CONTACT 
TRANSISTOR 


An Improved Structural Design for Point-Contact Transis- 
tors ; ; 

21.1.1 Introduction 

21.1.2 Design Discussion 


Page 


385 
385 
386 
387 


389 


389 
390 
391 
393 
394 
395 
395 
396 
399 
399 


400 


401 


401 
402 


405 
407 
407 
410 
411 
411 
418 
421 
421 
421 
423 
424 
425 


427 


427 
427 
429 





TABLE OF CONTENTS 


21.2 Effects and Analysis of Motions of Leads on Point-Contact 


Transistors : 

21.2.1 Tangential Forces 
21.2.2 Longitudinal Forces 
21.2.3 Lateral Forces 


xix 
Page 


443 
444 
445 
446 


Part IV—Principles of Transistor Performance Characterization 
CHAPTER 22—INTRODUCTION TO DEVICE CHARACTER- 


22.1 
22.2 
22.3 


22.4 
22.5 
22.6 


22.7 


IZATION 


Principles of Device Dorlordianes Chacertention 
Small-Signal Performance Characterization . 

Performance Characterization by Families of Characteris- 
tics . 

Large- Signal Characterization 

Performance Characterization by Figure- of- Merit 

The Statistical Nature of Performance Characterization 
Reproducibility 

Appendix: Linearization of Small- Signal Problems 


References for Chapter 22 . 
CHAPTER 23—PRINCIPLES OF TRANSISTOR PERFORM- 


23.1 
23.2 
23.3 
23.4 


23.7 


ANCE CHARACTERIZATION 
Four-Pole Representation: Alpha Greater than ies 
Four-Pole Representation: Alpha Approximately Unity 
Performance Characterization of Phototransistors 
Large-Signal Performance Characterization 


23.4.1 Characterization in Region I, Collector Voltage 
Saturation 

23.4.2 Characterization in | the Active Region , 

23.4.3 Characterization in Region III, Collector Voltage 
Cutoff 

23.4.4 Characterization of the Transitions between Re- 
gions 


Frequency, Noise, and Distortion 

Appendix I—Grounded-Base Equivalent Circuit ‘and. 
the Current Generator. . 
Appendix II—Grounded- Emitter Short- Circuit Set 
Equivalent Circuit ' . 


References for Chapter 23 
Symbols Used in Chapter 23 


24.1 


CHAPTER 24—PRINCIPLES OF SMALL-SIGNAL PARAM- 


ETER MEASUREMENTS 


Measurement of Four-Pole r’s and Alpha at bia Bie- 
quency yeh | ; 


451 
454 
456 


461 
465 
468 
470 


475 
477 


478 
478 
484. 
489 


490 
492 


492 


493 
495 


496 
498 


499 
500 


501 


503 


xx 


24.2 


24.3 


24.4 


24.5 


TABLE OF CONTENTS 


Page 
24.1.1 Static Characteristics . 504 
24.1.2 Measurement of Four- Pole rs of Low-Impedance 
Devices 506 
24.1.3 Parameter Measurement of High- -Impedance 
Transistors ‘ 508 
24.1.4 Measurement of Alpha 514 
24.1.5 Phototransistor Measurements . 520 
24.1.6 Diode Measurements 522 
Measurement of Capacitance 524 
24.2.1 Capacitance Measurement of Junction Transistors 524 
24.2.2 Measurement of Conia: of Point-Contact 
Transistors 528 
Measurement of Cutoff Frequency in Point- Contact Tran- 
sistors : d . 531 
24.3.1 Possible Equivalent Representations of Transistors 532 
24.3.2 Current Knowledge of the rare Variation 
Transistor Parameters . ; . 533 
24.3.3 Method of Measuring Alpha versus ‘Frequency 536 
24.3.4 The Elements of a Practical System and Procedure 
for Use 536 
24.3.5 Requirements for Circuit Components Assdoiated 
Directly with the Transistor ; 537 
24.3.6 Receiver Requirements 538 
24.3.7 Audio Modulation of Swept- -Frequency Generator . . 539 
24.3.8 Swept-Frequency Generator Requirements 540 
24.3.9 Synchronous Switch 541 
24.3.10 A Specimen a for Measuring ¢ the Frequency 
Cutoff 541 
24.3.11 Conclusions 543 
Transistor Noise . . 543 
24.4.1 Noise Theory Concepts ‘for Junction Transistors 544 
24.4.2 Specification of Noise Performance ; 547 
24.4.3 Characteristics of Transistor Noise ‘ 548 
24.4.4 Noise Figure Formula Using Two Noise Genera- 
tors . : ao : : . 550 
24.4.5 Measurement of Noise Figure ’ 550 
24.4.6 Measurement of Noise-Generator Voltage and Cal- 
culation of Noise Figure 552 
24.4.7 Noise Figure Equations for Various Transistor 
Circuits , 557 
Distortion in Transistors . . 558 
24.5.1 Large-Signal Distortion in Transistors 559 
24.5.2 Types of Distortion Measurements 561 
24.5.3 Measurement of Lumped Distortion , 561 





TABLE OF CONTENTS 


24.6 Transistor Efficiency . 


24.6.1 The Effect of Operating Limits o on Efficiency . 
24.6.2 Measurement of Transistor Efficiency 
References for Chapter 24 

Symbols Used in Chapter 24 


CHAPTER 25—PRINCIPLES OF PULSE AND LARGE- 


SIGNAL MEASUREMENTS 


25.1 D-C and Low- Frequency Measurements 


25.2 


25.1.1 
25.1.2 
25.1.3 


25.1.4 


Measurements in Region I—Collector Voltage Sat- 
uration: J =O . 

Measurements in Region Il—Active: 

0<I.< — (I./a) 
Measurements in Region I1—Collector Voltage 
Cutoff: 7, > — (I;/a) . .. 

Cumulative Distribution of Measurements 


Measurement of Transfer Characteristics 


25.2.1 Point-by-Point Measurement of Alpha Character- 
istic . 

25.2.2 Curve Tracer for Alpha versus Emitter Current . 

25.2.3 Cumulative Distribution of Alpha Parameters 

Negative Resistance Characteristics and Measurement 

Techniques : 

25.3.1 Open- Circuit- Stable Characteristics : 


25.3.2 


Short-Circuit-Stable Characteristics . 


Measurement of Transient Behavior 


25.4.1 
25.4.2 


Trigger and Rise Time Measurement 
Return or Fall Time Measurement 


Measurements of Characteristics of Breakdown Diodes 


25.5.1 
25.5.2 
25.5.3 


Diode Curve Tracer 
Direct-Current Measurements : . 
Dynamic or Small-Signal Measurements . 


Symbols Used in Chapter 25 


Part V—Transistor Reliability 


CHAPTER 26—RELIABILITY: A DESIGN OBJECTIVE 
System Reliability Considerations . 


26.1 


26.2 


26.1.1 


26.1.2 
26.1.3 
26.1.4 


The Related Concepts and Definitions of System 
and Component Reliability 
Classification of Component Failures 

Aging Failures of Components in a System 
Reliability Is Everybody’s Business . 


Transistor Reliability Evaluation 


26.2.1 


Reliability Test Planning 


Symbols Used in Chapter 26 


Page 


565 
567 
570 
570 
571 


573 
575 


575 


577 


609 
609 


609 
611 
611 
614 
614 
615 
617 


xxi 


CHAPTER 27—PRINCIPLES OF RELIABILITY 
CHARACTERIZATION . : 
27.1 Introduction . 
27.2 Type of Data Presented , 
27.3 Reliability Figures and Tables of “Merit 
27.4 Use of Aging Data to Predict eee Component Reli- 
ability d . 
APPENDIX I—IRE STANDARDS ON ELECTRON DE- 


VICES: DEFINITIONS OF SEMICONDUC- 
TOR TERMS, 1954 . ; 


APPENDIX II—IRE STANDARDS ON LETTER SYMBOLS 
FOR SEMICONDUCTOR DEVICES, 1956 


1 Electrical Quantities 
2 Electrical Parameters .. 
3 Letter Symbols in Alphabetical Order : 


INDEX 


TABLE OF CONTENTS 


Page 


618 


618 © 


618 
620 


621 


623 


628 
628 


631 
635 





LIST OF ILLUSTRATIONS 


Fig. 
1-1 
1-2 


— 
' 
w 


' os 
COND Ore 


| ee ee 
' 
Nee HOG 
a) 


to 
1 


on 
eo 


to be 
oe 


~ 
! 
a> 
Sc 


to t 
“NOD 


Title Page 
Spectrochemical analysis of germanium dioxide . : 5 
Reaction rate for the reduction of germanium dioxide to 
germanium . 7 
Values of the distribution coefficient for typical impurities 
in germanium : . 8 
Apparatus for the preparation of germanium test ingots ‘ 9 
Quartz boat for germanium test ingots . : : 9 
Jig for resistivity measurements. : ; ; 5 . 10 
Circuit for resistivity measurements .. . i F 11 
Typical resistivity values for germanium test ingots : i AD 
Cireuit for thermoelectric measurements . . ee oe é-, 7 DS 
Jig for rectification measurements . ; : F , . 18 
Circuit for rectification measurements . ; i . 14 
Solidification by normal freezing. 17 
Portion of a constitutional diagram for a solute which low- 
ers the freezing point (k <1) . , 17 


Concentration curves for “normal freezing,” calculated from 
equation (1-1) for various values of k, the distribution co- 
efficient . : d é : . 19 
Solidification by zone- melting te Po 20 
Concentration curves for zone-melting, calculated ‘from 
equation (2-1) for various k’s. Nine zone lengths are shown 21 
Multiple-zone refining (schematic diagram) . 21 
Ultimate concentrations after multiple-zone refining, caleu- 
lated from equations (2-3), (2-4), and (2- ee for L = 1, 


RSMO EE) 23 
Ultimate concentrations after multiple: -zone refining, for 
ee re) LOO fe 23 
Concentration curves for six successive zone- -passes through 
a normally frozen ingot, for the case k = 0.1 . ; : 24 
Approximate concentrations before and after single- -pass 
zone-melting . : 25 
Approximate concentrations before and after 2 zone- -melting a a 
starting charge into pure solvent (SCO method) . . , 26 


2-26 


2-27 


List oF ILLUSTRATIONS 


Title Page 


Concentration curves for SCO method calculated from equa- 
tion (2-6). . 

Graphite boat for reduction of germanium dioxide 
Apparatus for reduction of germanium dioxide 
Temperature cycle for reduction process and formation of 
normally frozen bar 

Zone-refining apparatus 

Projection drawing of zone-refining ‘apparatus 
Zone-refined germanium bar , 

Purification resulting from zone- -refining 

Effect of additional refining of Se sections from pre- 
viously zone-refined germanium 

Effect of the rate of travel through zones on the resistivity 
of zone-refined germanium 

Effect of increasing the number of 2 zones on the resistivity 
of zone-refined germanium 
Two views of a zone-leveler: 
without after-heater 
Zone-leveler 

Average minority-carrier lifetime plotted against distance 
from seed for two 8-ohm-cem crystals grown with 12-inch, 
5-inch, and no after-heaters 

Axial temperature curve for the germanium zone- -leveler 
with after-heater . : 

Schematic solute concentration and ‘temperature | curves in 
liquid near the freezing interface, illustrating constitutional 
supercooling. The left edge of each diagram represents the 
solid-liquid interface ; : ’ 2 : ‘ 
Zone-leveled single- crystal ingot 

Average minority-carrier lifetime plotted against distance 
from seed for two 8-ohm-cm crystals grown with 12-inch, 
5-inch, and no after-heaters t 
Apparatus for the chlorination of germanium ; 
Apparatus for the distillation of germanium tetrachloride , 
Purification of germanium by the distillation of germanium 
tetrachloride: resistivity data 

Relative effectiveness of simple and column distillations: 
resistivity data. 

Removal of arsenious chloride from germanium tetrachloride 
by extractive procedures: resistivity data 

Purification of germanium tetrachloride by extraction with 
hydrochloric acid and chlorine: resistivity data 

Apparatus for continuous extraction of germanium tetra- 
chloride 

Schematic diagram of the process for making germanium 
single crystals of single and mixed types 


(a) 7 with after-heater; (b) 


27 
28 
28 
29 
29 
30 
31 
32 
32 
33 
34 
36 
37 
40 


42 


44 
46 
48 
52 
53 
54 
57 
58 
59 
66 





List oF ILLUSTRATIONS 


Fig. 
4-2 
4-3 
4-4 
5-1 
5-2 


5-3 


5-13 


h-14 


515 


Title 
Pulled germanium single crystal containing a p-n junction 
Germanium single crystal containing constant cu 
regions and an n-p-n transistor structure 
Schematic diagram of the germanium crystal- -pulling ma- 
chine 
Solute concentration near a solid- liquid interface for dif- 
ferent conditions of crystal growth ’ 
Relation between the distribution coefficient and the phase 
diagram . 
Phase diagrams for the Al- Ge, ‘Ga- Ge, In- Ge, and TI- Ge 
systems. (After Klemm et al.) ; 
Phase diagrams for the As-Ge, Sb-Ge, Bi-Ge, and Sn- Ge 
systems. (After Klemm and Stohr.) 
Methods used to measure distribution coefficients : 
Experimental measurements of the distribution coefficient 
of radioactive antimony between liquid and solid germa- 
nium : 
The effect of crystal growth rate on ‘the ‘distribution coeffi- 
cient of radioactive arsenic between liquid and solid ger- 
manium. The line is calculated: from Fig. 5-13, and the 
points are experimental measurements 
Experimental values of electron mobility, pn, and hole mo- 
bility, wp, for germanium. (Drift mobility measurements 
by J. R. Haynes; Hall mobility measurements by G. L. 
Pearson; radioactive tracer measurements of conductivity 
mobility by J. D. Struthers.) 
Experimental values of the distribution coefficients of solute 
elements between liquid and solid germanium 
Schematic illustration of fluid flow in a melt near a crystal 
interface 
Concentration of a | solute element near a - solid- -liquid inter- 
face. The solid line is the actual concentration, and the 
dashed line is the approximate concentration, assuming a 
diffusion layer of thickness § 
Dependence of the effective distribution coefficient on the 
normalized growth velocity, f8/D, for several values of 
equilibrium distribution coefficient, k 
Percentage departure from the equilibrium distribution co- 
efficient as a function of normalized growth velocity, f8/D 
Solid lines: Radial fluid velocity in a germanium melt near 
a rotating crystal interface. (Based on Cochran’s analysis 
for a plane disk.) Dashed lines: Radial fluid velocity at the 
boundary of the diffusion layer, x = 8, for several values of 
the diffusion coefficient, D 
Solid lines: Normal fluid velocity i ina germanium melt near 
a rotating crystal interface, (Based on Cochran’s analysis 


xxv 


Page 


67 
68 
69 
72 
73 
74 
75 
76 


77 


78 


79 


80 


83 


85 


86 


87 


88 


5-20 


5-21 
5-22 


5-23 


6-2 


6-3 


6-4 


6-5 


6-6 


List oF ILLUSTRA 


Title 
for a plane disk.) Dashed lines: Normal fluid velocity at 
the boundary of the diffusion layer, x = 8, for several values 
of the diffusion coefficient, D . 
The factor A in the equation § = 1 80 AD%v%o~ 4. 
Dependence of f8/D upon growth rate and rotation rate 
Relation between 8/D and speed of crystal rotation for sev- 
eral values of the diffusion coefficient, D . 
Schematic illustration of a possible effect of turbulent. mix- 
ing on the diffusion coefficient, near a crystal interface 
Variation of solute concentration in the solid with fraction 
of the solvent solidified, as a function of the effective dis- 
tribution coefficient 
(C, — Cy)/C1 as a function j3/D; a comparison of experi- 
ment with the theoretical curve. 
Variation of f8/D with fraction solidified, to produce uni- 
form concentration in fraction Xo of the solid 
Variation of f8/D with ADt/V8, to produce uniform solute 
concentration in the first half of the solid ; : 
Example of the required variation of pull rate with time, 
for uniform solute concentration in the first half of the solid 
Example of the variation of resistivity with distance in a 
crystal grown with a programed pull rate 
Concentration at a crystal interface as a function of time, 
following a step-function change in solute concentration in 
the melt. (R. C. Prim.) 
Fluctuations in solute concentration caused by periodic flue- 
tuations in growth rate. (J. A. Lewis.) . 
Solute concentration at the crystal interface during n-p-n n 
doping: (a) successful p-region ; (b) no p-region . 
Radioautographs of germanium crystals and an ingot pre- 
pared from well-stirred melts: (a) germanium single crystal 
rotated at 120 rpm and grown from a melt to which three 
antimony pellets were added; (b) germanium ingot contain- 
ing radioactive antimony; (c) twinned germanium crystal 
containing radioactive phosphorus and rotated at 60 rpm . 
Radioautographs of germanium crystals prepared from 
poorly stirred melts (seed rotated at 4 rpm): (a) radio- 
active antimony added; (b) radioactive gold added; (c) 
radioactive phosphorus ‘added 
Radioautographs of germanium crystals containing radio- 
active antimony and prepared from poorly stirred melts: 
(a) striations due to rotation and to an on-off temperature- 
control system from a crystal grown at 1.5 mils per second; 
(b) effect of rotation for a small-diameter crystal grown at 
3 mils per second; (c) striations in a large-diameter crystal 
grown at 3 mils per second megane) 


TIONS 


Page 


97 
100 
103 
104 
105 


105 


108 
109 


111 


114 


115 


116 





List or ILLUSTRATIONS 


Fig. 
6-7 


6-8 


Title 

Radioautograph of a germanium bar with striated distribu- 
tion of radioactive antimony ‘ : 
Hole lifetime, electrical resistivity, and optical transmission 
z ees measured on the germanium bar shown in 

ig 
Approximate heat losses due to convection and radiation for 
a representative germanium crystal- -growing apparatus 
Concentration of heat and temperature distribution near a 
growing crystal interface . 
One-dimensional calculation of the effect of growth rate on 
the temperature distribution near a rotated germanium 
crystal interface. : 
Schematic illustration of temperature fluctuations near a 
crystal interface caused by eae fluctuations in 
the melt . 
Qualitative estimates of the fluctuations i in growth rate and 
interface position due to one-degree temperature fluctuations 
in a germanium melt, for a case where heat of fusion is 
assumed to be negligible ; 2 
(a) Crystal-growing apparatus, Type I; 
of crucible 
Similarity between natural diamond ‘and. grown germanium 
Resistivity profiles of normal and of programed crystals 
Complete crystal-growing equipment 
Seed chuck , 
Schematic diagram of control systems : 
Uniformity of crystal sauce obtainable with the pulling 
technique ; 
Dependence of resistivity on donor concentration. in n- -type 
germanium, at room temperature 
Doping curve for predicting resistivity when x= 0.25 in 
100-gram programed crystals 
Preliminary control chart for fifty-gram programed crystals 
doped with 0.1 per cent arsenic; X = Cg/Cy when x = 0.25; 
n= 4 : 
Illustration of an effect of crucible contamination 
Four-point resistivity measurement . 
Two-point resistivity and potential-profile measurement 
Typical potential profile across an n-p-n junction . 
Frequency discrimination by averaging . 
Block schematic diagram of control system 
Transient recovery of system 
Table of p-layer thickness measurements 
Sample of pulling rates and temperatures used at various 
stages in the growth of an n-p-n crystal 


(b) cross section 


xxvii 
Page 


117 


118 
120 


122 


125 


127 


10-7 
10-8 
10-9 


10-10 


10-11 


List or ILLUSTRATIONS 


Title Page 


Schematic diagram of research and development stages 
leading to a new communication system pnt 
Schematic diagram of transistor development phases 

(a) Schematic diagram of n-p-n junction transistor; (b) 
comparable vacuum-tube triode ; 
Diagrams illustrating action of planar junction diode 
Electrical behavior of p-n junction diode: (a) static charac- 
teristic; and (b) small-signal equivalent circuit 

Energy diagram of p-n junction diode : 

Density of charge carriers in diode operation: solid curves 
show equilibrium; dotted curves forward bias 

Schematic diagram of reverse diode characteristic showing 
“soft breakdown” effect. Dashed lines show ideal “hard” 
characteristic 

Equivalent eivouite of (a) transistor triode and (b) photo- 
transistor diode : 

Spectral sensitivity of a germanium planar np junction 
phototransistor 

(a) Schematic diagram of: n-p-n junction transistor (b) 
small-signal equivalent circuit . 

Density of charge carriers in n-p-n triode: solid curves ‘show 
equilibrium concentration; dashed curve shows active car- 
riers (electrons) in normal operation 

A “p-n hook” multiplying collector, consisting ‘of n-p-n 
junction pair: the plus signs show carriers about to be col- 
lected by composite structure 

Point-contact triode: (a) schematic diagram; and (b) ast 
signal equivalent circuit : 

Current amplification factor a versus emitter current of 
germanium point-contact triode ‘ 

Model of formed point- -contact collector 

Current flow lines in a point-contact triode 

Base resistance 7, versus point spacing. Dotted lines show 
ninety-per-cent confidence limits before forming; solid lines, 
after forming : : f : : ; 
M1689 and M1752 transistors 

Fabrication flow chart : 
Schematic diagrams of M1689 and M1752 transistors 
Various transistor, diode, and phototransistor structures 
Effect of humidity on saturation current of an n-p-n junc- 
tion . : ; . \ i ; 
Heat radiation from a surface 

Current-voltage characteristic of a junction diode . 

Possible structure to decrease storage effects . 
Single-crystal n-p-n junction bar 

Dependence of base resistance on germanium resistivity 


168 
174 


186 
189 


191 
194 


200 


203 
204 
205 


209 


211 


221. 
225 


229 
230 
232 


233 
240 
241 
242 
246 


247 
248 
249 
252 
253 
256 





List oF ILLUSTRATIONS 


Sweets tS ts 
' 


li 3 2 
13-3 
13-4 
13-5 
13-6 
13-7 
13-8 
13-0 
18-10 


Title 
Dependence of emitter resistance on germanium resistivity 
Dependence of collector resistance on germanium resistivity 
Dependence of alpha on germanium resistivity : 
Temperature dependence of collector resistance as a func- 
tion of resistivity . 
Dependence of V,(0, ~2) on germanium resistivity 
Four-point resistivity measurements 
Resistivity probes parallel to and near a reflecting boundary 
Resistivity probes i) Gamay. to and near a reflecting 
boundary ; : : 
Resistivity probes 
Effect of current on measured resistivity 
Resistivity measurements on dice 3 . 
Chart for use in resistivity measurements of dice ; 
Small resistivity probe 
Physical model 
Mathematical model . 
Schematic diagram of equipment 
Lifetime measuring equipment . 
Lifetime measurements data 
Chart for use in lifetime computations 
Theoretical fit of experimental data 
Manipulator measurements on a slice : 
An n-p-n half-erystal, showing parameters for evaluation 
Diagram of etching setup . 
Etched half-crystal, showing junction 
Diagram of plating arrangement 
Inductive plating on n-p crystal 
Powder suspension method of junction location 
An n-p-n slice with BaTiO; applied 
Potential probe junction measurement 
Graph of potential probe response 
Direct measurement of base layer 
Optical alpha and lifetime setup : 
Response curves for optical alpha setup . 
Shaped germanium blanks . ‘ 
Germanium crystals 
Sawed germanium 
Germanium mounted for sawing 
Alignment jig for mounting junction slices 
Diamond saw slicing 
Diamond saw dicing 5 
Abrasive cutting wheel parameters 
Abrasive cutting wheel speeds 
Complex and simple germanium blanks cut by a magneto- 
striction cutter 


xxix 


Page 


257 
258 
258 


283 
285 
287 
288 
289 
290 
291 
292 
293 
294 
297 
298 
299 
304 
304 
305 
305 
306 
307 
308 
308 
309 


310 








XXX 
Fig. 
13-11 
13-12 
13-13 
13-14 
13-15 
13-16 


13-17 
13-18 
13-19 
13-20 
13-21 
14-1 


14-2 
14-3 
14-4 


14-5 
14-6 
14-7 
14-8 
14-9 


14-10 
14-11 
14-12 


List oF ILLUSTRATIONS 


Title 
Magnetostrictive cutting machine 
Magnetostrictive cutting dies 
Liquid hone cutting of germanium : 
Liquid honing mask and cut germanium . i 
General shaping parameters for slice subdivision . ; 
Shaping method evaluation: reverse impedance versus etch- 
ing time . 
Hand-lapping apparatus 
Lapping machine . 
Identification of n-p bars 
Germanium plating methods 
Germanium plating apparatus 
Rectifying contact between a metal and an metype semi- 
conductor 
Effect of doping the surface layer of an n- type semicon- 
ductor 
Exploded view diagrams of ohmic contacts for two tran- 
sistor types 
Successive steps in the preparation and attachment of the 
base lead for a junction triode . ; 
Energy-band diagram of an emitter contact 
Energy-band diagram of an n-p-n hook collector . 
Spring shapes used in transistor electrode fabrication . 
Preparation of chisel-pointed electrode wires . 
Fabrication of emitter and collector assembly for cartridge 
transistors with C- -spring electrodes . 
C-spring bending jig for cartridge unit. electrodes 
Pin-stem assembly for crimping emitter and collector wires 
Feedback due to minority-carrier generation at an ohmic 
contact 
Soldering operation for point- -contact transistor base contact 
Schematic diagram of convection soldering equipment for 
junction bar devices 
Convection soldering equipment . : 
Exploded view of hermetic-seal header assembly : 
Top view of soldering operation 
Partial flow charts for three devices 
Effects of disordered layers on transistor surfaces : 
Properly etched surface, magnified 500x, aa etch 
Diagram of masking schemes , 
Mounting for process handling of junction bars 
Laboratory equipment used for Superoxol etching of base 
wafers 
Laboratory equipment used for junction- -bar etching 
Sketch of stream electrolytic etch operation 
Kiffeet of electrode shape on extent of etching 


Page 


311 
312 
313 
314 
315 


316 
317 
318 
319 
320 
321 


327 
“327 
330 
332 
333 
334 
335 
337 


338 


339 


339 


340 
346 


347 
347 
348 
349 
351 
353 
355 
356 
357 


358 
359 
360 
860 





List or ILLUSTRATIONS 


Fig. 
16-10 
17-1 
17-2 
17-3 


17-4 
17-5 
17-6 


18-3 
18-4 
Mel 


10-2 
10-3 


1-4 


10-5 
10-6 
10-7 
[iets 


Title 
Test for junction impedance after electrolytic etch 
Parts of Type A cartridge transistor : 
Cartridge transistor assembly. 
Point-stem and sleeve assembly tool, also used for base- 
sleeve assembly : : 
Fine squeeze tool . 
Changes in small-signal characteristics with point force 
Curves of force versus deflection for 5-mil phosphor-bronze 
wire in S-type and C-type bends ‘ 
Junction bar with bonded base lead showing position of 
barriers ‘ 
Schematic diagram of circuit for the “point probe-static 
characteristic” location of junctions 
Typical oscilloscope patterns obtained by the ‘ ‘point probe- 
static characteristic” method. 
Schematic diagram of circuit for the ‘ ‘point probe-dynamic 
characteristic” location of junctions . 
Typical oscilloscope patterns obtained by the ‘ ‘point probe- 
dynamic characteristic” method 
Typical oscilloscope patterns ee good, and degraded 
M1752 characteristics . 
Growth of the bond . ; 
Longitudinal section through bonded- gold electrode, magni- 
fied 500, showing gold wire, gold germanium eutectic, and 
germanium; unetched . 
Jig for holding germanium bar and gold wire during bonding 
The bonding supply . : ; ; ; ‘ : 
Another form of bonding supply 
Effect of moisture on d-c characteristic ‘of n- -p- -n ; junction 
transistor 
Humidity effects on n- ~p- -n “junction transistor. The ‘solid 
and dashed curves correspond to voltage mene in the 
two directions . 
Effect of relative humidity on impedance of p-n “diode 
Operator using dry box : 
Examples of plastic and mechanical capsulation, approxi- 
mately life size 
Grown-junction transistor before hermetic capsulation 
Cross section of welding head arrangement with transistor 
in place... 
Dimensions and orientation of interior ‘subassembly ‘of a 
typical photodiode . 
Dimensions and orientation of ‘phototransistor capsule 
Carrier and mold used for capsulation AE ly 
Virst alignment jig ad 
Second alignment jig 


XXXI 


Page 


361 
363 
364 


365 
366 
367 
368 
370 
371 
371 
372 
373 
374 
376 


377 
378 
379 
379 


382 


383 
384 
385 


391 
392 


393 


394 
396 
397 
398 
398 





Xxxil 
Fug. 
20-1 
20-2 
20-3 


20-4 
20-5 
20-6 
20-7 
20-8 
20-9 
20-10 
20-11 
20-12 
20-13 
20-14 
20-15 
20-16 


20-17 
20-18 


21-2 
21-3 
21-4 


21-5 


21-9 


21-10 
21-11 
21-12 


List oF ILLUSTRATIONS 


Title 
Electron energies at a metal-semiconductor contact 
Model for point-contact transistor 
Variation of alpha with emitter current at conatant col- 
lector voltage 
Geometry of the > hook : 
Pre-forming transistor characteristics 
Collector characteristics of a formed transistor 
Basic forming circuit... 
Time dependence during formitig of (a) voltage Bnd (b) 
current : ; 
One-shot forming 
Formed point contact under reverse bias 
Type 1 anomaly ; ; 
Type 1 anomalies and collector donor concentration 
Type 2 anomaly 
Type 3 anomaly : . 4 : ; 
Time dependence of voltage during forming (high pre- 
forming reverse current) 
Relation between “formability” 
teristics i 
Process control chart 
High temperature aging characteristics of p- np alloy j june- 
tion transistors 
Basing and over-all size e requirements for redesigned point- 
contact transistor ‘ 
External configurations of BTL point-contact transistors 
prior to redesign : 
Structural design of point- -contact transistor meeting re- 
design requirements 
Flow chart representing fabrication of point- -contact tran- 
sistor 
Design for base of transistor to operate under severe me- 
chanical treatment . 
Design for base of transistor for improved power dissipation 
Electrical characteristic of electrode attachment gold- 
bonded to n-type germanium 
Electrical characteristic of electrode athachment gold- bonded 
to n-type germanium with added donor element i | 
The effect of small motions of the collector contact on satu- 
ration voltage for three transistors 
Diagram of a C-shaped contact structure 
Hffect of 20,000-g¢ acceleration on saturation voltage 
Mierophonic noise due to mechanical shock in the direction 
parallel to the external transistor leads 


and pre-forming charac- 


Page 
401 
402 
403 


404 
405 


429 
430 
431 


432 
432 


434 
434 
438 
439 
440 


440 





List or ILLUSTRATIONS 


Fig. 
21-13 


1 
oO 


2 
1 
— 


wre 
' ¢ 
wr 


ws 
' 


85 
© OO 


Co 


‘ 


SS BS WO WS OS tS ~ ww ww 
NOS 


BS BS 8S tS ttt 


= 
“ 
' 


23-3 


28-10 
23-11 
28-12 
Y8—18 


Qdel 
24-2 


Title 
Temperature cycling results of fourteen transistors using 
close-coupled point structures cycled 10 times from —55°C 
to +85°C, 6 hours per cycle. 
Temperature cycling results of forty 2N21 transistors pre- 
pared using C-contact structures 
The effect of point-contact separation on device parameters 
Header and leads of point-contact transistor showing forces 
on external leads . : ; 
Forces on a wire being cut with diagonal pliers ! 
(a) Top view of glass part of header as it is idealized for 
analysis of lead motion. (b) Side view of idealized header. 
(c) Top view to show shape of actual header. (d) Elastic 
line of idealized header with a lateral force on one of 
the leads 
One of the early designs for a point- -contact transistor 
Four-pole terminal current-voltage relations . 
Transistor static characteristics 
Electron-tube static characteristics . 
Electron-tube static characteristic . 
Derived electron-tube characteristics 
Broken-line idealization of transfer characteristic 
Stability figure-of-merit testing and yield 
Idealized distribution and +3-sigma limits 
Comparison of natural and specification limits 
“Wishing-in” under low-yield processes 
Small-signal coefficients as incremental slopes ‘of static 
characteristics 
Small-signal a-c measurement of ri 
Equivalent circuits for transistors . 
Equivalent circuit for grounded-emitter connection: voltage 
generator representation 
Equivalent circuit for grounded- -emitter connection: current 
generator representation ; 
Short-circuit four-pole set representation . 
Characteristics of phototransistors: above, point-contact 
type; below, p-n junction type 
Germanium phototransistor spectral response 
Response of phototransistor as a function of light spot 
position ; : 
Division of static characteristic into ‘large- signal regions 
Idealized transistor output characteristic ; 
Large-signal alpha characteristic 
Short-cireuit and open-circuit four-pole coefficient relation- 
ships : 
Black box and equivalent T representations 
Static curve plotter ’ 1 edi 


xxxiii 


Page 


441 


441 
442 


444 
445 


447 
448 
457 
459 
463 
464 
464 
467 
469 
471 
474. 
474 


480 
480 
482 


484 


485 
486 


487 
488 


488 
490 
491 
494 


498 
504. 
505 


XXxiv 
Fug. 
24-3 
24-4 
24-5 
24-6 
24-7 
24-8 
24-9 
24-10 
24-11 
24-12 
24-13 
24-14 


24-15 
24-16 
24-17 
24-18 


24-19 
24-20 
24-21 
24-22 
24-23 
24-24 
24-25 
24-26 
24-27 
24-28 


24-29 
24-30 
24-31 
24-32 
24-33 
24-34 


24-35 
24-36 


24-37 
24-38 


List oF ILLUSTRATIONS 


Title 
Circuit measurement of 75; . S 
Measurement of rs, ri2 of high- impedance disviess 
Measurement of re — rm, Te : : . 
Active filter circuit 
Active filter response . 
Bridge measurement of reo = fe oe rs 
Bridge method for ™, 7, 
Circuit for quick check of r, 
Circuit for alpha measurement (a > 1) 
Precision alpha measurement (a ~ 1) 
Null method of alpha measurement. 
Distribution of alpha values, development- model junction 
transistor 
Distribution of Je values, development- model junction 
transistor : 
Distribution of ry values, development- model junction tran- 
sistor 
Distribution of Te values, development- model junction tran- 
sistor 
Distribution of Leo values, development-model junction tran- 
sistor : : : : 
Equivalent circuits for phototransistor 
Photocell sensitivity measurement . 
M1740 phototransistor, control chart for k 
M1740 phototransistor, control chart for dark current 
Diode impedance measurement in breakdown region . 
Substitution bridge See 
Q-meter capacitance measurement . 
Rapid check of C, of junction transistors 
M1752 transistor, collector capacitance . ‘ 
M1752 transistor, capacitance of units made from the same 
crystal 
Equivalent circuits for ‘admittance measurement . 
Q-meter measurement of y41 
Measurement of yig and yo1 
High-frequency admittance measurement 
Susceptance variation method . 
Equivalent circuits for grounded-base transistor, showing 
relations between a, a, and a; 
Simplified schematic diagram of circuit for the measurement 
of alpha versus frequency; d-e bias not shown 
Oscilloscope presentation of alpha versus frequency 
Circuit for the measurement of alpha versus frequency 
Thermal resistance, shot, and partition noise generators in 
junction transistors, neglecting capacitance effects, Surface 
leakage hypothesized as a source of excess noise 


Page 


506 
508 
509 
510 
510 
511 
511 
513 
514 
515 
517 


517 
518 


518 


533 
536 


539 
542 


544 





List oF ILLUSTRATIONS XXXV 


Fug. 
24-39 


24-40 


24 


24 


24 


24 


-41 


-42 


-43 


-44 


24-45 


24 


24 


24 


24 


4 
« 


24 
24 


24-6 


24-5 


a4- 


-46 


-47 
-48 


-49 


50 


“1 
-52 


3 


4 


55 


“Hb 


Title Page 
Insertion of two noise generators in the equivalent circuit 
of the transistor: (a) noise generators in series with the 
emitter and the collector terminals; (b) noise generators in 
the input and output meshes of the transistor equivalent 
circuit; (c) noise generators in the equivalent T-network 


of the transistor . 548 
Functional diagram of the apparatus used for measuring 
the noise figure of the junction-type transistor . : 551 
Functional diagram of the apparatus used in measuring the 
noise of point-contact transistors. 552 
Collector and emitter noise-figure variation with collector 
bias voltage for point-contact units. 553 


Noise figure as a function of frequency for n-p- n fused alloy 
junction transistor (Sylvania 2N94A, 7 ee common- 
base connection. : 554 
Noise figure as a function of frequency ‘for n- pr n double- 
doped grown-junction transistors (WE 1858, 18 units) ; com- 
mon-base connection . 3 554 
Noise figure as a function of frequency for p-n- 1p fused alloy 
junction transistors mee 2N438, 14 units); common-base 
connection. 555 
Relationship between common- -emitter and common- -base 
connection noise figures for p-n-p erelee junction tran- 


sistors. 555 
Noise figure of junction transistors i increases with i increasing 
collector voltage . 556 
Noise figure of junction transistors does not vary much with 
the collector current. : 556 


Collector current—collector voltage characteristics for a 
point-contact transistor, showing the region for large- aa 


class A operation . 558 
Collector current-collector voltage. characteristics for a 
junction (n-p-n) transistor . ‘ 559 


Typical static characteristics for a point- contact transistor 560 
Diagram of apparatus for making low-frequency distortion 
measurements ; 562 
Gain-power output relationship with input “generator re- 
sistance Ry, as the parameter; point-contact transistor in 
the grounded- base circuit . . 563 
Distortion-power output relationship with input generator 
resistance R, as the parameter: point-contact transistor in 


the grounded-base circuit . ‘ 563 
Distortion characteristics of a typical junction transistor for 
a range of input signal levels 564 
Relationship between gain and distortion due to local nega- 
tive feedback : , . 665 





Fig. 
24-57 


24-58 


24-59 


25-10 


25-11 
25-12 


25-13 
25-14 
25-15 
25-16 
25-17 
25-18 
25-19 
25-20 
25-21 
25-22 


25-23 
25-24 


List oF ILLUSTRATIONS 


Title 
Operating boundary conditions superposed on the output 
static characteristics of a junction transistor . 
Boundary conditions considered separately: left, limiting 
due to R, only; right, limiting due to I’,, only 


Collector efficiency as a function of (#:) I’,o constant and 


R Ry 
of (I'co) R, constant 


Collector efficiency as a function of load resistance Rr, 
with I’,, as a parameter 

Idealized transfer characteristic 

Transistor output characteristic ; 

Typical circuit arrangement for measurement of static char- 
acteristics : ‘ 
Measurement of collector voltage saturation : 
Measurement of collector voltage cutoff . . 
Cumulative distribution of input resistance characteristic 
r. for point-contact switching transistors 

Cumulative distribution of output resistance characteristic 
Yeo for point-contact switching transistors 

Cumulative distribution of the resistive parameters 114 | and 
‘42 for point-contact switching transistors 

Cumulative distribution of the resistive parameters re and 
r22 for point-contact switching transistors. 

Cumulative distribution of V,(3, —5.5) for point-contact 
switching transistors 

Typical curve of alpha-versus- -emitter- current characteristic 
Block diagram of a curve tracer for alpha versus emitter 
current 

Schematic diagram of a curve tracer for alpha - versus emitter 
current 

Cumulative distribution of. alpha parameter as for point: 
contact switching transistors } 

Cumulative distribution of alpha parameters ae and ay for 
point-contact switching transistors d 

Typical characteristic of emitter negative resistance 
Typical characteristic of collector negative resistance . 
Typical schematic diagram for measurement of open-circuit- 
stable negative resistance characteristic . 

Typical schematic diagram for turning-point measurements 
Turning-point measurements, point-by-point. method 
Typical characteristic of base negative resistance ! 
Typical schematic diagram for measurement of short- 
circuit-stable negative resistance characteristic 

Triggering measurement vad, 

“Constant current” diode measurement, tad 


Page 
566 


567 


569 


570 
573 
574 
576 
577 
579 
580 
581 
581 
582 


582 
583 


584 
586 
587 


587 
588 
588 


590 
591 
592 
592 


593 
595 
596 





List or ILLUSTRATIONS 


Fig. 
25-25 
25-26 
25-27 


Title 
“Constant voltage” diode measurement . 
Storage delay time measurement. 
Cumulative distribution of trigger voltages for point- -contact 
units. 
Cumulative distribution of ‘voltages ‘for ! “constant current” 
diode test of p-n diodes ; f : ‘ 
Cumulative distribution of voltages ‘for ‘ “constant voltage” 
diode test of WE 400A diodes 
Cumulative distribution of storage delay times for point- 
contact units . s : : ‘ 
Idealized characteristic of breakdown diode 
Curve tracer for breakdown diodes 
Regulated supplies 
Typical aging curves 
Method of plotting an aging curve 


Page 


Xxxvii 


597 
598 


598 
599 
599 


600 
601 
603 
604. 
612 
620 


Part I 


TECHNOLOGY OF 
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Jj. He SCAFF 


INTRODUCTION TO PART I 


‘Tue first step in the manufacture of germanium transistors is the provision 
of bulk germanium of high purity. This is a vital step, for while purity 
in the germanium will not of itself ensure success in transistor manufac- 
ture, transistors cannot be made from germanium of substandard quality. 
Consequently, it is basic to the manufacturing art that germanium of con- 
trolled high purity be provided by processes suited to large-scale operation. 
Moreover, the electrical characteristics of semiconductor devices depend 
basically upon the resistivity and minority-carrier lifetimes of the materials 
from which they are made. Therefore procedures are required for the prép- 
aration of single crystals of high perfection and uniform resistivity. In 
Part I of this volume, preparation, purification, and control of germanium 
raw materials are discussed, as well as procedures for preparing uniform 
single crystals of single conductivity type. 

‘lwo main steps are involved in furnishing a pure germanium raw mate- 
rial. These are (1) reduction of germanium dioxide (GeOz), and (2) zone- 
refining. The reduction step is necessary, since the purest commercially 
available germanium is presently supplied as GeO, powder, which must 
he reduced to elemental form to be of use. Zone-refining of the reduced 
material is then carried out to purify it to the degree required for use in 
research on semiconductors or in the manufacture of semiconductor devices. 
‘lhe principles and practice of the reduction process are discussed in Chap- 
(or 1. Means for determining the quality of the GeOz purchased from sup- 
pliers to eliminate inferior lots are also described. 

While the purity of germanium obtained by reducing the pure grades of 
(Oy, is unusually high, as compared with ‘“‘pure”’ metals for example, it 
lus not been quite high enough to meet the exacting requirements of tran- 
sintor technology. Prior to the advent of zone-refining, batch-wise varia- 
(ions in the purity of the reduced germanium were common. This resulted 
i variation in the properties of the devices made from the germanium 
(hrough the effect of impurities upon both the lifetime and the resistivity 
of the basic raw material. Moreover, the additions required for control of 
resistivity and preparation of p-n junction crystals * needed to be adjusted 
for the initial impurity content of each lot of material processed. The 
walibration of each source lot was a great practical difficulty, particularly 
for large-scale factory operation, These difficulties have been essentially 


"Por definition of pen junctions see W, Shockley, Llectrons and Holes in Semicon- 
ductors, D, Van Nostrand Company, Princeton, N, J., 1950, 
j 8 
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eliminated by the zone-refining procedure which has made germanium ap- 
proaching intrinsic purity available on a manufacturing scale. Another 
zone technique is used to produce large single crystals of high perfection 
and with remarkably uniform resistivity. The principles and practice of 
the zone-melting procedure, both for refining and for the growth of large 
single crystals, are discussed in Chapter 2. The pulling process discussed 
in Chapters 4 and 7 has been extensively used for preparing crystals of 
single conductivity type, as well as for grown p-n junctions. The zone 
procedure is, however, now the preferred manufacturing technique for pre- 
paring single crystals of uniform conductivity type. Other newer zone- 
melting techniques, useful for p-n junction work, will be described in Vol- 
ume IT. 

Soon after the transistor was discovered, it became of paramount im- 
portance to determine whether transistor action was in any way related to 
some subtle characteristic of germanium, which at that time was available 
only as a by-product of the zinc operations in the Tri-State district. To 
answer this question, a sample of the mineral germanite from the Tsumeb 
mines of South-West Africa was procured by the Western Electric Com- 
pany. The germanium, as GeOs, was extracted from this mineral at the 
Bell Laboratories and purified. This material proved to be equivalent 
to that obtained from the Tri-State district. Similar results have been 
found with germanium obtained from a variety of sources. The informa- 
tion obtained in the course of purifying germanite ore and in related inves- 
tigations has provided the basis for Chapter 3, in which various methods 
for purifying germanium and recovering germanium from scrap are dis- 
cussed. Chapter 3 also describes interesting procedures for the purification 
of germanium tetrachloride by extraction rather than distillation. 
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Chapter I 


GERMANIUM TECHNOLOGY 


1.1 GERMANIUM DIOXIDE 


In the United States, germanium for transistors and varistors is currently 
being recovered as a by-product of zine obtained from the ores of the Tri- 
State region of Oklahoma, Kansas, and Missouri. Germanium is also 
found in soft coals and is being recovered commercially in England * from 
this source. Similar recovery from American coals seems feasible, should 
demand become sufficient to make this economically desirable. 

Germanium in the zinc ores ¢ is recoverable along with cadmium and 
yullium as a residue in the Cottrell precipitators associated with the roast- 
ing and sintering operations. The germanium in this residue is first sepa- 
rated from the cadmium and gallium, then dissolved in hydrochloric acid. 
The resulting germanium tetrachloride is distilled with chlorine to remove 
(races of arsenic. The purified germanium tetrachloride is hydrolyzed in 
(distilled water, and the resulting germanium dioxide is filtered, washed, 


and dried. 
ESTIMATED 

RANGE IN Yo 
MAJOR COMPONENT Ge >1 
MINOR COMPONENT - 0.1-3.0 
IMPURITY - 0.01-0.03 
TRACE _ < 0.03 
SLIGHT TRACE _ <0.005 
VERY SLIGHT TRACE Ca, Cu, Mg, Si < 0.001 


Fia. 1-1 Spectrochemical analysis of germanium dioxide. 


Germanium dioxide obtained in this manner is a very pure material by 
normal standards, as indicated by the typical spectrochemical analysis 
shown in Fig, 1-1. For semiconductor use, however, variations in impurity 
content well below the detectable range of ordinary chemical analysis are 


A. R. Powell, I’. M. Lever, and R. E. Walpole, J. Applied Chem. (Dec. 1951) pp. 
HAL-bS1, 

{ Rt. 1, Jaffee, 2. W. McMullen, and B, W, Gonser, J. Electrochem. Soc. Vol. 89 (1946) 
pp, 270-200; A, P, Thompson and J, R. Musgrave, J, Metals Vol. 4 (1952) pp. 1132- 
1187, 
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sufficient to completely change the characteristics of the material. For 
example, control of group III and V elements of the periodic system in 
germanium to levels of a few parts in ten million is essential for successful 
transistor use. Because of this extreme sensitivity to impurities, it became 
necessary to develop a special test method to assure that the germanium 
oxide be of adequate initial purity for successful use. The method used 
for this purpose involves the hydrogen reduction of a 15-gm charge of 
oxide to germanium, and the formation of a directionally solidified ingot. 
Measurements of the conductivity type and the resistivity of the ingot 
material form the basis for acceptance. Inherent in the method is a check 
on the bulk density of the oxide and its moisture content—both considera- 
tions of importance in manufacturing operations. Details of the test 
method will be discussed in Sec. 1.4. 

This method is useful to both the supplier and the customer for quality 
control and specification purposes. To the producer of pure oxide it should 
be of particular interest in studying process variables. For example, in 
establishing procedures for the reclamation of scrap germanium (Chapter 
3), the 15-gm ingot test was successfully used as a basis of comparison. 


1.2 REDUCTION OF GERMANIUM DIOXIDE IN HYDROGEN 


Germanium dioxide may be reduced to germanium at elevated tempera- 
tures in hydrogen. The reaction occurs in two stages as represented by the 
following equations: 

GeO, + Hz — GeO + HO 


GeO ~+ He, — Ge + H,O0 


Germanous oxide, the product of the initial stage, is a black powder 
which sublimes at 710°C. It is, therefore, essential to carry out the re- 
duction of germanium dioxide at temperatures below the sublimation point 
to avoid serious losses of the oxide. In practice, temperatures between 
650° and 675°C are usual. The reaction rate of this process has been 
studied by analysis of the water content of the emergent hydrogen, the 
data for a typical case being shown in Fig. 1-2. The data indicate that the 
reaction rate increases rapidly with rising temperature. At the reduction 
temperature of 650°C, the reaction rate remains constant throughout the 
major part of the reduction process. During this part of the process, the 
reaction is not controlled by the concentration of the reactants, which sug- 
gests that a gas-diffusion process is the controlling factor. For efficient 
reduction, therefore, it is desirable to keep the height of the charge small, 
and for large-scale reductions a rotary kiln furnace might be advantageous. 
Using a charge height of 134 inches, reduction is substantially complete in 
three hours. Toward the end of the reduction process, the reaction rate falls 
rapidly, presumably because the diminishing oxide concentration now be- 
comes the controlling factor. At this stage of the reduction process, no 
appreciable increase in reaction rate is realized, even on raising the tem- 
perature to 1000°C, Increasing the temperature to 1000°C is desirable, 
however, to liquefy the germanium which may then be solidified into a 
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I'iq, 1-2 Reaction rate for the reduction of germanium dioxide to germanium. 


solid mass using normal freezing procedures. Details of the reduction proc- 
oss as used in manufacture prior to zone refining are given in Sec. 2.2. 


1.3 PURIFICATION BY DIRECTIONAL SOLIDIFICATION 


Concurrently with the reduction process, one stage of germanium puri- 
fication may be realized by taking advantage of the segregation of impuri- 
ties which occurs on normal freezing of the liquid. If the liquid is contained 
in a boat and the boat is slowly withdrawn from the hot zone of a furnace, 
freezing will be initiated at one end of the charge and will progress along 
its length as withdrawal of the boat is continued. This type of solidifica- 
(ion is known as normal freezing and results in an ingot in which most of 
(he material is of higher purity than the average composition of the start- 
ing charge. It is possible, using the concepts of equilibrium freezing, to 
derive a relationship defining the solute concentration as a function of ingot 
location. It is found that with normal freezing the concentration C, of 
impurity in the freezing solid at any instant in the freezing cycle is given 
hy the following relationship: 


Cy = kCn(1 — x) (1-1) 


where C,, = initial composition of the melt, 


volume solidified 
total ingot volume 


x 


In the above expression, the constant k, known as the distribution coeffi- 
vient, is defined by the ratio of the solute in the freezing solid to that in 
ihe liquid at any time in the freezing process. For low solute concentra- 
(ions, the value of k is sensibly constant for any given impurity. Depend- 
ing on whether the impurity lowers or raises the melting point of the 
solvent, the value of k may be respectively smaller or larger than unity. 
With constants less than unity, which is the more usual case, the first ma- 
jorial to freeze is purer than the subsequent material, When constants 
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are greater than unity, the converse is true. A more detailed discussion 
of the use and validity of equation (1-1) is given in Sec. 2.1.2. 

In order to use (1-1), values for the distribution coefficients of impurities 
to be considered must be known. [If the initial composition of the melt is 
known, these values may be determined experimentally from the resistivity 
of the first material to freeze. For the initial material to freeze, equation 
(1-1) reduces to 

Cr 
k= — (1-2) 
Cm 


where C; is the concentration of impurity carriers in the region first to 
freeze. Cy; may be evaluated from the resistivity data, using the equation 


Cy = — (1-3) 
peu 
where C; = the concentration of impurity carriers in atoms per cm?, 
p = resistivity, in ohm-cm, 
e = electron charge = 1.6 X 107'® coulombs, 
1 
LM 


mobility, in em? volt—! sec7!. 


In the above expression the values (Refs. 1 and 2) * of u for electrons 
and holes may be taken as 3600 and 1700 respectively for impurity concen- 
trations below 10'° atoms per em*. For higher impurity concentrations, 

the mobilities, as discussed in the 


VALUES OF K FOR GERMANIUM references cited, are smaller. 
news tiiky eiuiieeeive Values of k may also be calculated 
ELEMENT DATA —s* TRACER DATA from data obtained with ingots con- 
Al 0,067 _ taining radioactive elements (Sec. 
Ga O.11 0.14 5.2). In this case, a known amount 
Sb 0.0069 0.007 of radioactive impurity is added to 
AS = 0.07 the germanium, and its concentra- 
In 0.0014 = tion in the region of the ingot which 


Fia. 1-3 Values of the distribution was first to freeze is determined from 

coefficient for typical impurities in Geiger count data. From these data 

germanium, and the initial composition, the 

values of k may be determined using 

(1-1). Typical values of k obtained from resistivity and radioactive tracer 
data are given in Fig. 1-3. 


14 TESTS FOR ACCEPTANCE OF GERMANIUM DIOXIDE 


Specification requirements have been established and test methods de- 
veloped to assure that each batch of germanium dioxide received from the 
supplier is of adequate quality for semiconductor use, The test method 
involves the reduction of a 15-gm charge of oxide and the preparation of a 
directionally solidified ingot utilizing the principles discussed in Sees, 1.1 


. References are Hated at the end of the chapter, 
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through 1.3. By this method, germanium satisfactory for subsequent zone 
refining should be n-type with resistivities near the lead end of the ingot 
of not less than 1.5 ohm-cm. The normally frozen ingot at mid-length 
should have resistivities not less than 0.5 ohm-cm. In addition, a 15-gm 
charge of oxide should fit in a standard 18.5-cm* boat, and after reduction, 
should result in an ingot weighing not more than 10.41 gm (the theoretical 
maximum) and not less than 10.20 gm. The latter value allows a 2 per 
cent volatile content in the initial oxide. 
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Fig. 1-4 Apparatus for the preparation of germanium test ingots. 


1.4.1 PREPARATION oF TEsT INGor. The apparatus used to prepare 
germanium test ingots is shown schematically in Fig. 1-4. With this equip- 
ment it is possible to reduce the oxide to germanium and convert this to a 
test ingot in a single operation. The apparatus consists of a 13g-inch- 
diameter silica tube 30 inches long, sealed at one end with a removable 
lass joint and drawn down at the other end to a 14-inch-diameter tube to 
provide a hydrogen outlet. The § * 40-50 glass joint is provided with a 
sight glass and a hydrogen inlet port 
us shown. The silica tube is enclosed 
in a resistance furnace 10 inches 
long, capable of maintaining the 
system at 1000°C. The resistance 
furnace is mounted on a carriage 
which is driven by a screw mechan- 


ium, the rate of travel being 345 
inch per min. To make a run, 15 
xm of germanium dioxide are placed 





in the clear quartz boat shown in 
lig. 1-5, which is then located in 
the silica tube in the position shown 
in Fig, 1-4. A hydrogen flow of 2.5 
liters per min is maintained in the system and the temperature raised to 
(50°C, The temperature is held at 650°C until the reduction is complete in 
about 2 hr, as judged by the disappearance of condensed moisture in the 


Fic. 1-5 Quartz boat for 
germanium test ingots. 


* The aymbol 1 refers to standard taper, 
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glass tube connected to the hydrogen exhaust. After reduction of the 
oxide, the temperature of the furnace is raised to 1000°C to melt the ger- 
manium, and the system is stabilized at this temperature by appropriate 
adjustment of the power input to the furnace. This step requires about 
30 min. In order to make certain that the molten germanium coalesces 
into a continuous melt, the furnace tube assembly is permanently tilted a 
few degrees as shown in Fig. 1-4. With the system stabilized at 1000°C, 
the drive mechanism is started; this causes the furnace to move over the 
silica tube to the right in Fig. 1-4 at a uniform rate. In consequence, the 
germanium begins to freeze at the left end of the melt, and the freezing 
progresses along its horizontal axis as the furnace withdrawal is continued. 
After freezing is complete, the power is shut off and the ingot allowed to 
cool. For purposes of test, specimens are cut along the growth axis of the 
ingot. These may then be used to measure resistivity, conductivity type, 
or peak reverse voltage in the manner discussed in Secs. 1.4.2 through 1.4.4. 


1.4.2 Resistiviry MrasuREMENTS ON GERMANIUM INGot MATERIAL. 
For purposes of resistivity measurement, a test specimen 1g X g X 144 
inch long is cut along the growth axis of the ingot using a diamond cut-off 
wheel, such as is shown in Fig. 13-7. The ends of this specimen are then 
copper-plated for good electrical contact, using a standard acid copper 
sulfate bath. The faces of the specimen are ground flat on #600 silicon 
carbide paper, and the specimen is then mounted in a jig, as shown in Fig. 
1-6. Measurements are made along one face of the bar, using the circuit 
shown in Fig. 1-7. By means of the potentiometer it is possible to measure 
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Wig, 1G Jig for resistivity monsurements, 
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Fig. 1-7 Circuit for resistivity measurements. 


the potential drop across the contacts spaced 0.1 inch apart at any location 
on the face of the specimen when a known current of the order of 2 ma is 
passing through the specimen. The current may be adjusted by means of 
the variable resistances and, using the potentiometer, accurately measured 
by determining the potential drop across the standard 10-ohm resistance. 
The potentiometer is connected to either the specimen or the standard re- 
sistance by means of the double-pole double-throw switch. In making the 
measurements, it is customary to determine the potential drops at 0.1-inch 
intervals along one face of the specimen. From these data the resistivity 
is calculated using the following relationship: 


E,R,A 
eR 





where H, = potential drop across the contacts, 
E, = potential drop across standard resistance, 
R, = resistance of the standard in ohms, 
A = cross-sectional area of specimen in cm?, 
L = distance between contacts in cm. 


‘Typical resistivity values for a satisfactory and an unsatisfactory lot of 
germanium dioxide are shown in Fig. 1-8. It will be seen from these curves 
(hat the resistivity is at a maximum near the lead end of the bar and falls 
progressively as freezing is continued. This curve indicates highest purity 
noar the lead end and a progressive increase in impurities as solidification 
progresses in general accordance with normal freezing theory. However, 
(he maximum resistivity does not occur at the extreme end of the ingot as 
would be predicted from the theory, but is displaced a small distance in 
from the lead end. This displacement is caused by supercooling followed 
by rapid freezing during the initial stage of the solidification process. In 
such case, initial growth and hence highest resistivity can occur at loca- 
tions displaced from the extreme end of the ingot. 
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Fig. 1-9 Circuit for thermoelectric measurements. 
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Fic. 1-8 Typical resistivity values for germanium test ingots. 


1.4.3 MEASUREMENT OF ConpbucTivity TYPE oF GERMANIUM. Depend- 
ing on whether the predominant impurity in the germanium is in Group 
III or V of the periodic system, the germanium will be either p or n type, 
respectively. The conductivity type of the germanium may be determined 
in one of several ways, using the specimen prepared for resistivity measure- 
ments, as described in Sec. 1.4.2. One method of measurement involves 
the determination, by means of aluminum probes, of the direction of the 
thermal electric current (Ref. 3) flowing between hot and cold junctions 
made at the germanium surface. The apparatus required for the thermo- 
electric measurements is shown schematically in Fig. 1-9 and consists of 
two aluminum probes connected in series with a center-point galvanometer 
having a sensitivity of about 12 microvolts per mm scale deflection. One 
of the probes is heated to between 40° and 60°C with a resistance heater 
electrically insulated from the probe. The surface of the germanium speci- 
men may be explored with the probes closely spaced but not in contact, 
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With the hot probe connected to the positive pole of the galvanometer, 
current will flow in the positive direction when the material at the hot 
junction is n-type, and in the negative direction when the germanium is 
p-type. 

An alternative method used to determine the conductivity type of the 
germanium involves the measurement of point-contact rectification. In 
this method the germanium specimen is mounted in the jig shown in Fig. 
1-10, and connected in the circuit, shown in Fig. 1-11. The test jig consists 


R,-5000.N 10W 


R2~-15000 N IOW 


R3-500002 iow 





Fiaq. 1-11 Circuit for rectification measurements. 


of a device for contacting the surface of the germanium with a pointed 
C-shaped spring under a load of 15 gm. The probe is made with a pointed 
10-mil tungsten wire, the width of the C being about 4g inch. The probe 
is mounted in a brass stud which fits in the end of a lever arm suspended 
at its center by a wire to which a torque may be applied sufficient to obtain 
the desired contact load. To load the probe, a 15-gm weight is placed on 
the pan at the back of the lever arm, and the probe is brought in light con- 
tact with the specimen. The weight is then removed, which transfers the 
load to the point contact. With 1 volt across the point contact and the 
plated ends of the specimen, the current flow is read first with the ger- 
manium positive and then negative. For satisfactory n-type germanium, 
the current flow will be highest with the germanium negative, and the rec- 
tification ratio will be at least two for unetched germanium. If the ger- 
manium is etched, rectification ratios of the order of 5000 may be obtained. 
Etching may be carried out by protecting the copper-plated ends with a 
hard wax and etching the specimen for 1 min in a solution consisting of the 


following: 10 mi H,O 
2 
10 ml HNO; (70%) 
5 ml HF (48%) 
0.2 gm Cu(NOs)o 


After etching, the specimen is washed and dried and the protective wax 
removed from the plated ends. Measurements are made, as already de- 
soribed, 
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1.4.4 Peax Back VoLTAGE OF GERMANIUM. Germanium point-contact 
rectifiers have a negative resistance characteristic (Ref. 4) in the reverse 
direction. The voltage at which the negative resistance is first observed 
is of interest in some cases and is called the peak reverse voltage. This 
may be measured using the etched germanium specimen and the circuit of 
Fig. 1-11. With 5000 ohms in series with the point contact and the n-type 
germanium positive with respect to the contact, the d-c voltage is increased 
until the voltage drop across the specimen reaches a maximum and begins 
to fall. The voltage is raised and lowered through the maximum several 
times and the peak value determined. If when using the 5000-ohm series 
resistance the specimen does not go through a maximum with the full 
voltage load, the voltage is reduced to zero and the measurement repeated 
using the 1500-ohm or 500-ohm series resistance. Good germanium, when 
etched as described above, will give values between 50 and 150 volts, the 
higher values being at the purer end of the specimen. 


REFERENCES FOR CHAPTER 1 
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SYMBOLS USED IN CHAPTER 1 


A cross-sectional area of specimen 

Cn initial composition of the melt 

Cr concentration of impurity carriers in the region first to 
freeze 

Cz concentration of impurity in the freezing solid 

e electron charge (1.6 X 107! coulombs) 

EL, potential drop across standard resistance 

E, potential drop across the contacts 

k distribution coefficient 


L distance between contacts 
R, resistance of the standard 
_volume solidified 
7 total ingot volume 

Mu mobility 
p resistivity 
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Chapter 2 


ZONE-MELTING PROCESSES 


2.1 PRINCIPLES * 


2.1.1 InrropucTION. This chapter describes a new class of solidifica- 
tion methods which have marked advantages over existing processes. These 
methods, which have been given the general name zone-melting, are being 
applied to the purification of germanium and to the production of germa- 
nium single crystals of highly uniform electrical resistivity. 

In zone-melting, a short molten zone traverses a relatively long charge 
of solid semiconductor. A consequence of this manner of freezing is to 
give an operator a high degree of control over the distribution of solutes 
in the ingot. 

In one class of zone-melting operations known as zone-refining, impurities 
can be concentrated strongly at one end of an ingot, thereby providing 
extremely pure germanium in the remainder. As a result of substituting 
the zone-refining process for the ingot process described in Chapter 1, 
vastly purer germanium is obtained at a negligible increase in processing 
time. 

In another class of zone-melting operations known as zone-leveling, de- 
liberately added donors or acceptors can be distributed in a highly uniform 
manner in an ingot. By combining zone-leveling principles with a single- 
crystal technique, very large single-crystal ingots of germanium having uni- 
form electrical resistivity can be made. 

In this section are outlined principles underlying the application of zone- 
melting to the problems of purification and uniformity. In Secs. 2.2 and 
2.3 the status of the practice of zone-melting as it applies to germanium is 
described. Both types of zone-process are seeing wide use in the fabrica- 
tion of germanium. 


2.1.2 Soture DisrripuTiIon in NormAu Freezina. Before considering 
zone-melting, the segregation of solute elements during normal freezing will 
be reviewed briefly. By normal freezing is meant a process in which the 
entire charge is melted and is then progressively frozen from one end, 
Methods in which an ingot is entirely melted and then solidifies in its cruci- 


* Sootion 2.1 In by W. G, Plann, 
16 
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Fig. 2-1 Solidification by normal freezing. 


ble (Ref. 1) * fall into the category of normal freezing. So, also, may crys- 
ea ee methods, in which a solidifying ingot is pulled from the melt 

ef. 2). 

Consider a cylindrical ingot of molten germanium containing a small 
concentration of an impurity in solution. Allow it to freeze slowly from 
one end, as shown schematically in Fig. 2-1. The result, under most con- 
ditions, will be a segregating action which will concentrate the impurity in 
one or the other end of the ingot. If the solute lowers the freezing point 
of germanium, the constitutional diagram for the system germanium-plus- 
solute is of the type shown schematically in Fig. 2-2. The distribution 
coefficient, k, defined as the ratio of the concentration in the solid to that 
in the liquid at equilibrium, will be less than one (k < 1); and the solute 
will be concentrated in the last regions to freeze. If the solute raises the 
freezing point, then k will be greater than one (k > 1), and the solute will 
be coneentrated near the starting end. 
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Ita, 2-2 Portion of a constitutional diagram for a solute which lowers the freez- 
ing point (k < 1), 


* References are listed at the end of this chapter, 
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The concentration, C, of solute in the solid at any point x, where z is 
the fraction of the original volume which has solidified, can be expressed 
by the relation given in Chapter 1: 


C, = kC,(1 — 2)* (1-1) 


where C,,, is the initial concentration in the melt. Equation (1-1) is based 
on the following assumptions: 


(a) Diffusion in the solid is negligible. 

(b) Mixing in the liquid is complete (i.e., concentration in the liquid is 
uniform). 

(c) k is constant. 


This equation, in one form or another, has been treated by, among others, 
Gulliver (Ref. 3), Scheuer (Ref. 4), and Hayes and Chipman (Ref. 5) for 
alloys; by McFee (Ref. 6) for NaCl crystals; and by Pfann (Ref. 7) for 
semiconductors. It should be pointed out that the k which is calculated 
from the phase diagram will be valid only in the ideal case for which the 
stated assumptions are correct. In all actual cases, the effective k will be 
larger than this value for solutes which lower the melting point, and smaller 
for solutes which raise the melting point, and will probably vary during 
the initial stages of the freezing process. For simplification it will be as- 
sumed in this section that the ideal k is valid. A quantitative treatment 
of effective k’s for freezing under conditions where diffusion in the liquid 
is a limiting factor is given in Chapter 5. 

Concentration curves representing equation (1-1) for k’s from 0.01 to 
5.0 are plotted in Fig. 2-3. It may be noted that for k ~ 0.1 the concen- 
tration increases by a factor of about 8 in the first 0.9 of the ingot. This 
factor is relatively insensitive to the value of k for values in the range from 
about 0.01 to 0.2, which is the magnitude of k for solutes of interest in 
germanium. (Experimental values of k may be found in Fig. 1-3 and Fig. 
5-9.) The curves of Fig. 2-3 are fairly representative of germanium pre- 
pared by the ingot process, as may be seen from Fig. 1-3 and Ref. 8. 

It should be noted that the assumption of complete diffusion in the liquid 
implies that the rate of freezing is slow and that the advancing solid-liquid 
interface is fairly smooth, for it is essential that no entrapment of liquid 
occur, as for example in the interstices of dendrites or between grains origi- 
nating from separate nuclei. 

The assumption that k does not vary with composition is believed to be 
reasonable, for a portion of an ingot at least, where the concentrations are 
very small, and is approximated at large concentrations by a number of 
alloys. In any event, the way in which such changes in k would affect 
segregation can readily be visualized with the aid of Fig. 2-3. 

According to (1-1) the concentration approaches infinity as x approaches 
1, which is of course never realized in practice, For any physical alloy one 
of two alternatives must occur during the freezing process: 


(a) A eutectic or peritectic point must be reached by the liquid, with 
rowultant appearance of a second phase in the solid; or 


| 
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C=kCpy(t-x) ko 
Cm =! FOR ALL CURVES 
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I'1a, 2-8 Concentration curves for “normal freezing,” calculated from equation 
(1-1) for various values of k, the distribution coefficient. 


(b) If the system has complete solubility in the solid, and hence a second 
phase cannot appear, k will change with composition until it reaches 
unity, which it will do at x = 1 just as the last drop freezes. Thus 
(1-1) can be applicable only to part of an ingot, although it may be 
a large part. 


Segregation during normal freezing is a useful method of purifying an 
ingot because, especially for small k’s, most of the solute becomes concen- 
(rated near one end of the ingot. If further purification is desired the 
solute-rich end may be removed and the remainder remelted and refrozen. 
In principle any desired degree of purification may be obtained by a repeti- 
tion of such steps, with a loss of material in each step, of course. The need 
for such repetition, however, is a practical disadvantage of this method of 
repeated fractional crystallizations. Also, in practice it is found that a limit 
in reached when contamination during remelting balances the purification 
obtained by refreezing, 

In Sec, 2.1.38 it is shown that by zone-refining, a number of repeated 
orystallizations can be accomplished in a single operation, without resort 
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to the intermediate cropping steps, and with a minimum of contamination 
during melting. 

A pronounced disadvantage of segregation during normal freezing is that 
it produces a wide variation in electrical resistivity within an ingot. As 
shown above, the solute concentration, to which electrical resistivity is in- 
versely proportional, may increase by a factor of about 800 per cent in the 
first 90 per cent of a typical germanium ingot. Transistor requirements, on 
the other hand, demand that resistivity variations be held to as little as + 10 
per cent. This difficulty is partly circumvented by the crystal-pulling 
method described in Chapter 4, in which segregation during normal freezing 
is reduced during part of the solidification process by steadily varying the 
freezing rate. In the zone-leveling processes of Sec. 2.1.4 it will be shown 
that all but a small fraction of an ingot can be held within close limits of 
resistivity. 
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Fig. 2-4 Solidification by zone-melting. 


2.1.3 PuriricaTION BY ZONE-REFINING. Consider a small molten zone 
of constant length, L, traveling at a uniform rate through a solid cylindrical 
charge as in Fig. 2-4. Let the composition, Cn, of the charge be constant 
on a macro-scale, although it may vary on a micro-scale. (More accurately, 
let C,, be invariant with x, even though it may vary throughout the cross 
section.) Assume the solute-solvent system and the conditions of freezing 
to be as defined in Sec. 2.1.2. Zone freezing differs from normal freezing 
in that the volume of the liquid remains constant until the molten zone 
reaches the end of the charge, whereupon the remaining liquid, i.e., the 
last zone, solidifies by normal freezing. 

This process, in which a single molten zone traverses an initially uniform 
charge, will be called single-pass zone-melting. The concentration C in the 
solid at any point x in the zone-melted bar (except in the last zone) is 


iyen b 
eee C/O, = 1 — (1 — kel (2-1) 


where z is now the distance from the starting end, not the fraction solidified. 
The derivation of (2-1) is due to W. T. Read and may be found in Ref. 9. 

Calculated curves of C’ versus x/L, the distance in zone-lengths, accord- 
ing to (2-1) are plotted in Fig. 2-5 for k’s from 0.01 to 5.0, for the particu- 
lar case of a charge 10 units long, unit zone-length, and unity C,. Nine 
zone-lengths are depicted ; the tenth solidifies by normal freezing. Although 
for small k’s a considerable purification is effected by single-pass zone-melt- 
ing, on the average it is less than for normal freezing, for any given fraction 
of the charge, as may be seen by comparison with Vig. 2-3, 
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Mia, 2-5 Concentration curves for zone-melting, calculated from equation (2-1) 
for various k’s. Nine zone lengths are shown. 


The unique merits of zone-refining become evident when repeated crys- 
tallizations are desired. By passing a bar through a series of heaters, as in 
I ig. 2-6, a number of molten zones can be made to traverse the charge in 
sin gle operation. Each zone picks up solute on its way through the charge 
(fork < 1, the solute ‘‘prefers”’ to be in the liquid) and deposits it at or nee 
the end of the charge. Thus any desired number of refining steps can be 
obtained in a single operation, without resort to the intermediate steps of 
cropping which would be necessary with a normal-freezing technique. 
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It is of interest to know the distributions of solute after two, three, or 
more zones pass through an initially uniform charge, and also the ultimate 
distribution after a large number of passes. The latter is more readily 
determined and will be discussed first. 

Consider a charge of length 7’ and mean composition C,,, with no restric- 
tion on initial distribution of solute. It is plain that after repeated passes 
in one direction, a distribution will be reached which cannot be further 
changed. (The effect is somewhat like piling a given amount of sand against 
a vertical wall. There will be a maximum attainable height.) Let this 
ultimate distribution be 

C = F(a) (2-2) 


If a molten zone of length L is to pass through the bar without changing 
this distribution, then the concentration of the solid freezing out of the 
zone at any point x must be given by equation (2-2). The concentration 
of the liquid in the zone is 


1 a+L 1 a+L 


assuming unit cross-sectional area. The concentration which freezes out 
at x is kCz, from which 


a+L 
F(z) = -f F(a)dx 


The solution of Fig. 2-7, which was kindly provided by W. T. Read, is 


C = AeB* (2-3) 
where 
BL 
big 7 (2-4) 
C,TB 
= Ba ay (2-5) 


Ultimate distributions calculated from (2-3) are plotted in Figs. 2-7 and ~ 
2-8. It is seen that for small k’s these are extremely steep. For example, ~ 


ifk = 0.1, T = 10, L = 1, the ultimate concentration at z = 0 is less than 
Cm by a factor of about 10'*. Equation (2-3) is actually an approximation 
because it cannot apply in the last zone, where normal freezing prevails, 
and the effect of the distribution in the last zone is reflected back into the 
preceding zones. (This may be seen as follows: Consider the case L=% 
T = 10. Assume for the moment that the concentration in the first nine 
zone lengths is an exponential of the type C = Ac®*, Since the concentra- 
tion in the last zone must obey the normal freezing law, C = kCp(1 — 2)*, 
there is a discontinuity at « = 9. When the leading edge of the next molten 
zone to traverse the charge reaches the discontinuity at « = 9, a disconti- 
nuity appears in the concentration freezing out at its trailing edge, at 
fe. he otc.) However, this effect is amall, especially at the pure end of 
the bar, 
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Fie. 2-7 Ultimate concentrations after multi i 
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Since the concentration at the starting end is decrease 
something less than k in each pass, it is madei from an Ce anaes, 
2-7 that at least fourteen passes are required to approach the ultimate dis- 
tribution, for the conditions L = 1, T = 10 of that figure. Comparison 
of Figs. 2-7 and 2-8 shows the influence of L, the zone length, to be con- 
siderable, smaller zones being desirable for maximum purification. 

An approximation to the actual distribution after each of a number of 
successive single-zone. passes can readily be obtained by a computation 
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Nia, 28 Ultimate concentrations alter multiple-zone refining, for L = 2, 7 = 10 
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Fic. 2-9 Corcentration curves for six successive zone-passes through a normally 
frozen ingot, for the case k = 0.1. 


procedure suggested by R. W. Hamming in which the molten zone is as- 
sumed to advance in discrete steps of convenient size, say 0.5 zone length, 
the concentration frozen out at each step being k times that in the zone, 
allowance being made for the solute entering the zone at each step. The 
result of such a computation is shown in Fig. 2-9 for six successive passes 
through a normally frozen ingot, assuming k = 0.1, L = 1, T = 10. This 
procedure corresponds roughly to that now used for the zone-refining of 
ea although the effective k for that process is probably higher 

an 0.1. 

Another advantage of zone-refining is its relative freedom from contami- 
nation as compared with purification by normal freezing. If a molten zone 
of unit length traverses a charge of 10-unit length, then 10 per cent of the 
charge is molten throughout the process, Or putting it another way, the 
entire charge is molten for 10 per cent of the time, On the other hand, in 
normal freezing, on the average the entire charge is molten 50 per cent of 
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the time. Since pickup of impurities will be approximately proportional to 
the time during which molten metal is in contact with atmosphere or con- 
tainer, zone-refining is seen to possess a marked advantage in this respect. 

For a solute which raises the melting point, k is greater than 1 (k > 1), 
and as a result, the multiple-zone refining process is somewhat more com- 
plicated. For the case k < 1, it is easy to picture a molten zone traveling 
through a bar, picking up solute as it travels, and retaining most of it until 
the zone reaches the far end of the bar. If k > 1, however, the net effect 
of zone-refining is to cause solute to travel in a direction opposite that of 
the zone travels. While very steep ultimate distributions are attainable, 
as (2-3) indicates, in general a larger number of passes will be required 
than for solutes which lower the melting point. 


2.1.4 Unitrorm SoLute DIstRIBUTION BY ZONE-LEVELING. The methods 
of this subsection may be called zone-leveling methods because their object 
is to produce uniform solute concentrations in the ingot. 


(A) Single-Pass Method. This method, described in Sec. 2.1.3, may be 
considered a leveling process if k is large, L small, and the charge long. 
While k’s for solutes of interest in germanium are generally small, the proc- 
ess will nevertheless be discussed here for pedagogical reasons. Consider 
a molten zone as it begins its advance through a macroscopically uniform 
charge of composition C,,. As the molten zone advances, it freezes out a 
layer dz of solid and melts a layer dx of the charge. The first solid to freeze, 
at x = 0, is of concentration kC,. For k <1, kC, is less than C,, and 
hence the liquid is enriched. As the zone progresses, the liquid continues 
to be enriched, although at a decreasing rate, until it attains a concentra- 
tion equal to C,,/k. When this condition is attained, the concentrations 
of solids entering and leaving the zone are equal, as may be seen from Fig. 
2-2, and hence no further change of concentration occurs in the zone or in 
the solid freezing from it until the zone reaches the end of the charge. The 
remaining liquid then solidifies by normal freezing, as described by (1-1). 

Thus, as shown in Fig. 2-10, zone-melting of a uniform charge results in 
an initial transition region; a region of uniform concentration which may 
have any desired length; and an end region of length equal to one zone, in 
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Via, 2-10 Approximate concentrations before and ufter single-pass zone-melting. 
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which normal freezing prevails. The sae C . cae point x in the 
zone-melted bar (except in the last zone) is given by (2-1). ; 

The length of the initial transition region, defined as the distance in e 
lengths required for C to rise to 0.9 Cm, is 22 zone-lengths for k = 0. : 
Hence this method is not particularly useful for germanium in ingots 0 
reasonable length. On the other hand, this very feature underlies the utility 
of zone-refining. 
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Fig. 2-11 Approximate concentrations before and after zone-melting a starting 
charge into pure solvent (SCO method). 


(B) Starting-Charge-Only Method. A method of zone-leveling (at present 
regarded as a preferred method for germanium) is to place solute in the 
first zone only, the remainder of the charge being pure solvent, as shown 
in Fig. 2-11. The concentration in the solid after traversal of the charge 
by a molten zone is given in all except the last zone by 


C = kCye*!4 (2-6) 


i ion i Iculated concentration 
where C; is the concentration in the first zone. Ca 
curves for a range of k’s are shown in Fig. 2-12. It may be seen that for 
k = 0.01, the concentration falls only about ten per cent in ten zone- 
lengths. Even such variation can be avoided in a charge of constant cross 
section, if the length L of the molten zone is decreased as it travels in 

, . 

accordance with the equation 


L = Lo — kx (2-7) 


where Lo is the length of the zone at x = 0. Derivations of equations (2-6) 
~ r in Ref. 9. 

a : fee to note that concentration decreases with x for all k’s, 
including k = 1, in contrast with normal freezing or single-pass zone-melt- 
ing, in which concentration increases with w for k <1, Furthermore, 
solutes having very small k’s, which segregate most severely in normal 
freezing, segregate least in the starting-charge-only method, Antimony 
(k = 0.007) appears to be a useful donor solute for germanium, while 
indium (k = 0.001) may be useful as an acceptor solute, The pure 

solvent required may be a germanium ingot purified by multiple-sone 
refining, 
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I'ta, 2-12 Concentration curves for SCO method calculated from equation (2-6). 


2.2 PRACTICE AND EXPERIENCE DATA: ZONE-REFINING * 


The purification of germanium by zone-refining is accomplished in two 
operations. In the first, a long “normally frozen bar’ is produced by 
causing solidification to begin at one end of a melt and to terminate at the 
other end. In the second, the normally frozen bar is zone-refined by pass- 
ing it through a series of narrow heating zones operating at temperatures 
high enough to melt the germanium. By appropriate spacing of the heat- 
ing zones and proper cooling between zones, continuous melting and freez- 
ing occur at each zone through which the germanium bar is passing. 

The normally frozen bar is prepared as a part of the reduction process 
in which germanium dioxide is converted into germanium metal by heating 
it at elevated temperatures in a hydrogen atmosphere. About 680 gm of 
the oxide are loaded into the high-purity graphite boat shown in Fig. 2-13. 
‘The oxide in the boat is heated in air at 200°C for 20 hr to dry the oxide 
and to expel small amounts of residual chlorides that are present. Two 
boats of oxide are placed in a quartz tube which has been brought to a 
lomperature of 350° to 400°C by a nichrome-wound resistance furnace 


* Bootion 2,2 is by KX, M, Olsen, 
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(Fig. 2-14). After flushing the system with nitrogen, hydrogen is passed 
through the long quartz tube at 40 liters per min, deflected over the 
germanium dioxide, and finally burned at an opening 1n the gate closure. 
The temperature cycle for the process is shown in Fig. 2-15. The pecaenan 
of oxide to powdered germanium metal is accomplished during the 3 Y-hr 





Fig. 2-13 Graphite boat for reduction of germanium dioxide. 


period at 675°C, as discussed in Chapter 1. The germanium powder is 
then melted by heating it to 1010°C, and the molten metal flows into the 
bar-shaped cavity in the bottom of the graphite boat. After 15 min at 
this temperature, the boats are withdrawn from the furnace towards the 
cooling chamber at a rate of 14 inch per min. About 2 hr after withdrawal 
begins, the boats reach the cooling chamber and are at a temperature of 
about 400°C. At this point the boats are removed from the furnace and 
allowed to cool to room temperature. ‘Two 1-lb normally frozen bars are 
produced by this process, and these bars are ready for zone refining. ; 
The zone-refining apparatus employed for purification is shown in Fig. 
2-16. The six water-cooled induction coils, connected in series and powered 
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l'ig. 2-15 Temperature cycle for reduction process and formation of normally 
frozen bar. 


by a 10-kw 450-ke r-f generator, heat the graphite boat containing the nor- 
mally frozen germanium bar as it is drawn through the coils. Each coil 
consists of four turns, and each is wound in a direction opposite to that of 
the preceding coil. The spacing between coils and the length of the graph- 
ite boat are arranged so that no more than three zones would be heating 
at any stage in the refining. A detailed projection sketch of the apparatus 
is Shown in Fig. 2-17. A clear quartz tube, 5 ft long and 2 inches in diam- 
eter, is set inside the induction coils and sealed at both ends with closures 
that have provisions for gas inlet and outlet and for a quartz pull-rod. The 
cross-sectional view in Fig. 2-17 shows the four solid quartz rods and cen- 
tral quartz gas tube which provide a smooth track for movement of the 
graphite boat. The track locates the boat centrally with respect to the 
induction coils and also prevents direct contact between the heated boat 
and the large outside tube. The central tube is sealed at the end near the 
gas outlet. Nitrogen passing through this inlet tube at 6 liters per minute 
emerges from holes located between the heating zones, circulates through 
the system, and exits through the gas outlet. Besides maintaining the sys- 





VWia, 216 Zoneerefining apparatus, 
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tem under an inert atmosphere, the gas also serves as a cooling medium 
between zones. It was found that unless compensating provisions ‘are 
made, a transfer of germanium will take place with the passage of each 
molten zone through the bar and the cumulative effect of six zones will 
produce a tapered bar. Therefore, to obtain a bar of uniform cross sec- 
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tion, the zone refining apparatus is tilted at a 5° angle, and an overflow 
cavity is cut in the graphite boat. 
\ \ The normally frozen bar obtained from the reduction process is placed 
wee y in the graphite boat in such a manner that the end of the bar that was last 
z to freeze will also be last to solidify after passing through all the zones, 
The boat containing the bar is inserted into the quartz tube and located 
‘2. in a position which will allow one zone of melting to start at the foremost 
sth end of the bar. After the nitrogen gas has been on long enough to flush 
Gz the system, the power is applied and adjusted until the molten zone is 
. z about 1 inch long. The pulling mechanism is then started, and the bar in 
ag the boat passes through the zones at a rate of 0.16 inch per min. As the 
ge boat travels through the refiner it may be heated by one, two, or three 
= zones depending upon its position relative to the induction coils. For this 
reason the zone widths may vary from 1 to 134 inches. While closer con- 
tc trol of zone widths probably could be obtained with more elaborate cool- 
Eg é ing systems between zones and by automatic control of the power supplied 
aw w by the generator, the refining effect obtained with the simple apparatus 
to $ described indicates that such changes are not warranted from a practical 
=< 
7S 


standpoint. The time required for zone-refining a 1-lb bar of germanium 
12 inches long is about 334 hr. A typical bar is illustrated in Fig. 2-18. 
The flat portion at the end of the bar is the material that flowed into the 


overflow cavity. All of the bars produced by zone-refining were poly- 
crystalline. 


TO 
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RF GENERATOR 
Fig. 2-17 Projection drawing of zone-refining apparatus. 
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Fia. 2-18 Zone-refined germanium bar. 


The resistivity of zone-refined germanium bars is measured using the 
four-point probe method described in Chapter 7. The measurements are 
made at half-inch intervals on a flat section ground longitudinally along 
the bottom of the bar. Measurements on transverse sections taken at 
various locations in the bar show that no significant difference in resistivity 
exists across the cross section. Good reproducibility of measurements on 
the high-resistivity end of the refined bar is only obtained by conducting 
the tests at constant temperature. All resistivity measurements are made 
in a constant-temperature room maintained at 25°C, and all bars are kept 
in the room for at least one hour prior to making the tests, 
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Fia. 2-19 Purification result- 
ing from zone-refining. 
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Fig. 2-20 Effect of additional refin- 
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to consider such steps in the future as a means for realizing maximum 
usage of the valuable germanium metal. Since the number of passes re- 
quired to purify germanium is directly dependent on its impurity content, 
reclamation by the chemical methods outlined in Chapter 3 may be a more 
economical process for recovery of very impure germanium. 

Processing time is a variable of concern to production engineers. In 'the 
case of zone-refining, the passage rate of germanium through the zones, 
the number of zones required, and the distance between heating zones are 
all factors affecting the production 
rate. Early experiments indicated 
that six zones were markedly more 
effective in zone-refining than three 
zones. It was also found that the 
sets of induction coils could not be 
spaced closer together in the present 
apparatus because the r-f generator 
could not supply enough power to 
produce melting in four zones. The 
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At the present time, a tentative resistivity limit of 20 ohm-cm minimum 
has been set for the zone-refined germanium to be used as a starting mate- 
rial in the preparation of single crystals. ; 

Theoretical considerations indicate that pure or intrinsic germanium 
should have a resistivity of the order of 60 ohm-cm at room temperature. 
The degree of purification effected by the zone-refining is illustrated in Fig. 
9-19. The resistivity of the normally frozen bar before refining was 7 to 
0.3 ohm-cm, and is fairly representative of the quality of germanium ob- 
tained by conventional ingot processing. By zone-refining this bar, a re- 
markable purification is obtained, as shown by the high yield of material 
having a resistivity close to the theoretical 60 ohm-cm for intrinsic ger- 
manium. 

It was reasonable to expect that most of the material of resistivity below 
20 ohm-cm could be recovered by further zone-refining, since its resistivity 
is considerably higher than that of the starting normally frozen bar. The 
effect of refining these “reject”’ sections is shown in Fig. 2-20. The sections 
were taken from bars previously zone-refined, remelted into a bar, and 
passed through the zone-refiner. The high degree of purification obtained 
clearly shows that a substantial amount of the reject material can be re- 
covered. In an effort to determine the limitations on recovery operations, 
a large number of overflow end tips of zone-refined bars were remelted into 
a bar and zone-refined. The resistivity of all these end tips was less than 
0.5 ohm-cm. The results are given in Fig. 2-20. While the 50 ohm-cm 
level was not reached by zone-refining this very-low-resistivity germanium, 
about 60 per cent of the material has been purified to the 20 ohm-cm mini- 
mum limit, From the data presented it is apparent that the yield of high- 
resistivity purified germanium can be increased substantially by further 
refining operations, While it may not be economical at the present time 
to extend the recovery operations too far, it might possibly be necessary 


remaining time variable, rate of travel 
through the zones, was investigated. 
The effect of increasing the rate of 
travel from 0.16 to 0.25 inch per min 
is shown in Fig. 2-21. The median 
curves were derived from resistivity 
data obtained on 15 bars made at low 
speed and 15 at the higher speed. 
The bars were processed alternately, 
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Fig. 2-21 Effect of the rate of travel 
through zones on the resistivity of 
zone-refined germanium. 





one at high speed, followed by one at 

low speed, then another at high speed, etc., to eliminate the possibility that 
the results might be affected by introduction of unknown processing factors 
such as equipment contamination. The other process variables were kept 
as constant as possible for both rates of travel through the zones. The data 
show quite clearly that a decided reduction in the yield of high-resistivity 
germanium is associated with increasing the rate of travel to 0.25 inch per 
min. 

With the higher rate of travel, the length of the molten zones increased. 
The lengths could not be reduced by lowering the power input to the heat- 
ing zones because the power would not supply enough energy to melt the 
germanium in the graphite boat as it enters and passes through the next 
heating coil. Theoretically it has been shown (Sec. 2.1) that the purifica- 
(ion in zone-refining decreases as the zone length increases and therefore a 
poorer refining might be expected from the faster speed and the associated 
increased zone length. It is also expected that increasing the speed of 
travel decreases diffusion in the liquid, thereby increasing k and adversely 
affecting the refining. Some improvement in purification at the higher 
passage rates could probably be made by modifying the equipment to de- 
crease the zone length. This could conceivably be done by altering the 
cooling between zones and by using different forms of heating coils. 
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Varying the flow of nitrogen from 2 to 12 liters per min to alter cooling 
conditions had no significant effect on the purification obtained by the 
zone-refining process. ; : 

Aslight increase in the degree of purification and an improved yield of 
higl-resistivity germanium may be realized by passing a zone-refined bar 
thraigh six additional zones (Fig. 2-22). While this increment in purifica- 
tion may be justifiable for producing 
material of extreme purity for experi- 
mental studies, it is not important at 
present from a production standpoint. 
A greater volume of high-resistivity 
material is obtainable by producing 
two zone-refined bars under standard 
conditions, and the time required 
would be almost the same as that re- 
quired to pass one bar through twelve 
zones. No additional purification was 
observed when the bar was refined by 
eighteen zones. 

) 2 4 6 610 12 The data presented here show that 
DISTANCE FROM END OF BAR IN INCHES zone-refining is a highly efficient proc- 
DIRECTION OF FREEZING —> ao : : 

ess for purifying germanium to high- 

Fiz, 2-22 Effect of increasing the _yesistivity levels. The simplicity of 

nunber of zones on the resistivity the one-step operation and the high 

of sone-refined germanium. yield of intrinsic germanium make the 
process attractive for production. 

The intrinsic germanium produced by zone-refining has been found to 
be quite desirable for single-crystal and p-n junction preparation in that 
conmrolled additions of donor or acceptor impurities can be made in a re- 
prolucible manner to obtain material of specified resistivity for transistor 
applications. This matter is discussed more fully in Chapter 7. 

The zone-refining process can be used for reclaiming operations, thereby 
effesting a conservation of valuable germanium. 
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2.3 PRACTICE AND EXPERIENCE DATA: ZONE-LEVELING * 


23.1 InrrRopucTIOoN. Since the first writing (1952) of Transistor Tech- 
nolqy, the zone-leveling process for germanium, as invented by W. G. 
Pfaan (Ref. 10), has been developed from an early zero-order stage through 
first- and second-order stages (Refs. 11, 12, and 13). At the present writing 
(1956) the zone-leveling process is in use in the manufacture of material 
for many transistors and diodes, and is a preferred practical method for 
groving germanium single crystals of uniform donor or acceptor content. 
Duwing these four years precision methods for the control of impurity con- 
cenration and uniformity have been developed and a fundamental addi- 
tior to the process has been made in the form of a thermal gradient control 
healer known as the after-heater (Ref, 13) which yields crystals having 


*Sootlon 2.3 la by B. Sawyer, 
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greatly improved lattice perfection as evidenced by the elimination of 
lineage and by markedly lowered etch-pit density counts. 

The essential idea of the zone-leveling process is to pass a melted zone 
of fixed length containing desired impurities through a charge of germanium. 
In order that the product may be free of grain boundaries, a single crystal 
seed is provided and the liquid zone is moved slowly away from this seed 
in such a manner that the solidifying germanium forms a single-crystal ex- 
tension of the seed lattice. The desired impurities are generally either 
donors or acceptors (or both) and enough of a given impurity element 
must be added to the liquid zone to produce the desired impurity concen- 
tration C, in the growing solid crystal. At the low concentrations involved 
in semiconductor work (0.5 ohm-cm n-type germanium corresponds to a 
C, of 70 parts per billion) and for a given growth rate, this C, is directly 
proportional to the concentration C,, of the impurity in the liquid. The 
k in the equation C, = kC,, is known as the segregation coefficient for the 
element involved. Since uniformity of C, is to be sought in this process, 
it is preferable to use impurity elements having k’s that are very small 
(less than .01) in order that the liquid zone may not be appreciably de- 
pleted of its impurity content during passage. Antimony and indium are 
the two impurity elements (donor and acceptor respectively) generally 
used in the production of n-type and p-type germanium crystals.* 


2.3.2 Apparatus. The equipment needed for zone-leveling is basically 
simple. A single-crystal seed, the desired impurities, and a germanium 
charge are held in a suitable container in an inert atmosphere. Provision 
is supplied for moving either a heater along the charge or the charge con- 
tainer through a heater. The heater is preferably either an electric resist- 
ance type or an r-f induction type. The resistance heater offers the ad- 
vantage of economy while r-f heating offers the advantage of the possibility 
of inductive stirring of the melted zone, which can be particularly helpful 
at higher leveling rates. 

Schematic drawings of an r-f-powered zone-leveler in two useful con- 
figurations are shown in Fig. 2-23. The outer clear quartz tube serves to 
support the inner members of the apparatus and also to contain the inert 
atmosphere for which nitrogen, hydrogen, helium, argon, or vacuum can 
serve. For this apparatus a quartz boat is used to contain the germanium, 
since this allows the r-f field to couple directly with the liquid germanium 
and stir it inductively. The auxiliary fore- and after-heaters which are 
made of graphite have special purposes to be discussed presently. A typical 
boat used in this apparatus is about 16 inches long and made of thin-walled 
clear quartz of a 1-inch i.d. semicircular cross section. A normal charge 
of zone-refined germanium and seed is about 12 inches long and weighs 
about 500 gm. Photographs of the assembled apparatus appear as Fig. 
2-24, 

2.3.38 PREPARATION FoR ZONE-LEVELING. The technique of operating 
this zone-leveler begins with the preparation of its elements. 


* For a table of the segregation coefficients of these and other impurities the reader 
ia referred to Fig, 5-0 of Chapter 5, 
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Fig. 2-24 Zone-leveler. 


2.3.3.1 The Boat. The most important region of the boat is its inner 
surface. The germanium should not adhere to it and it should be free 
from nuclei that could start spurious grains in the growing crystal. The 
surface coating now preferred is a'thin adherent film of carbon prepared 
as follows: The smooth quartz surface to be coated is first sandblasted 
with a silicon carbide abrasive grit so that the carbon film will be more 
adherent. The abraded surface is then cleaned in a HF solution, rinsed in 
deionized water, and dried thoroughly. It is next smoked in ordinary paraf- 
fin candle smoke. All but the adherent smoke is wiped off with a dextilose 
paper, and the surface is smoked again. This process is repeated five or 
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six times until an adherent carbon film is built up (see the smoked boat in 
the foreground of Fig. 2-24). A good film coating may be re-used many 
times with only a little resmoking to touch up damaged spots. It is prefera- 
ble to reserve each boat for leveling with only one impurity. 


2.3.3.2 The Seed. The seed should be a single-crystal piece of germanium 
of the desired orientation (usually with either a (100) or (111) direction 
along the axis of the boat) which fits the boat well, is lineage-free, has a 
low dislocation density, and contains no more impurities than will the crys- 
tal which is to be grown. It is placed at the end of the boat which is first 
to be withdrawn from the heated zone. 


2.3.3.3 The Charge. The charge of germanium which is to be zone-leveled 
is usually either a polycrystalline ingot from a zone-refiner whose boat 
matches the leveler boat or a cast ingot of zone-refined germanium. It 
may also be scrap zone-leveled material, provided that it contains no other 
impurity than the one intended for use. Use of a cast germanium charge 
in the leveler offers two advantages: 


(1) Zone-refined ingots of any shape may be used, since they are to be 
remelted and cast. 

(2) Accurate uniformity of the cross section of the charge may be main- 
tained, as is required for precision C; control. 


2.3.3.4 Impurities. The desired impurities, usually indium or antimony, 
may be added in pure form, but a 1 per cent to 2 per cent alloy with ger- 
manium is more often used in order to facilitate weighing to a suitable 
degree of accuracy. Convenient doping pellets may be prepared as de- 
scribed in Sec. 7.1.2 by “pulling” a roughly 1 per cent crystal, grinding it 
to a uniform powder, and then melting the powder into small pellets which 
must be stored and handled under conditions of strict cleanliness. The 
few milligrams of impurity alloy pellets are placed on top of that region 
of the charge near the seed which will be first to be melted. 

Before placing the seed and charge in the boat they should be etched in 
CP4,* rinsed in deionized water, and dried, with utmost care to prevent 
chemical contamination. After the clean seed and charge are placed in the 
boat and the desired impurities are added, the boat is ready for insertion 
into the leveling apparatus. 


2.3.4 ZONE-LEVELING. The boat should be introduced into the appa- 
ratus in such a position that after the liquid zone has reached its steady 
state only a small portion of the seed will be melted. The pulling mecha- 
nism, in this case a quartz rod moved by a lead screw, is attached to the 
boat. A stiff pulling train is desirable in order that the slow motion of the 
boat may be steady, not a series of jumps. The apparatus is assembled and 
the flow of nitrogen is begun. After purging of the atmosphere, the flow 
is adjusted to 3 liters per min. The power is turned on and the furnace 
brought to operating temperature. During this operation one must take 


* 150 om!" hydrofluoric acid, 160 om® glacial acetic acid, 250 om! nitric acid, 8 drops 
bromine, 
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care not to overheat and melt the seed. Fine temperature adjustments 
are made to achieve the proper steady-state zone length—in this case 214 
inches. After satisfactory steady-state conditions are achieved (one end 
of the seed just melted and nearly vertical solid-liquid interfaces at the 
ends of the liquid zone) the pull mechanism is started and the run allowed 
to proceed unmolested. For the best results in resistivity uniformity and 
crystal perfection, this apparatus is run with the full-length after-heater 
and at the slow pull rate (approximately 1 inch in 3 hr). For somewhat 
less critical demands a ‘fast’’ pull rate is used (10 inches in 3 hr) with a 
shortened after-heater or none at all. When the pass of the liquid zone is 
completed, the pull mechanism is stopped and, for optimum crystal perfec- 
tion, the temperature is lowered very slowly—approximately 1° to 2°C per 
min until all of the liquid zone has solidified. At lower temperatures the 
natural cooling rate of the apparatus with its power off is slow enough to 
be safe. For less critical needs the r-f power may be cut off at the operating 
temperature, though the rapid cooling through the high temperature range 
will probably mean an appreciable increase in dislocation density through- 
out the ingot. 

When the ingot has cooled it is removed from the zone-leveler and, except 
for the seed and “solidified zone,” is cut into 1-inch lengths whose bulk 
properties are then measured. The seed, if good, may be re-used. The 
solidified zone may also be re-used to make another ingot of substantially 
the same resistivity. Care will be necessary, because essentially all of the 
impurity content will be in the last part of the zone to freeze, usually in 
its center top surface. Naturally if this high-impurity region is disturbed 
mechanically or by etching, the impurity content of the solidified zone will 
be lowered. With care in handling, especially in avoiding etching the pro- 
trusion in the upper surface which was last to freeze, solidified zones have 
been re-used successfully as many as five or six times. A stock of them is 
kept on hand, each calibrated by its past performance with respect to re- 
sistivity. Of course, this calibration is only as good as the operator’s ability 
to repeat and control the liquid-zone volume from one run to another. 


2.3.5 Worxkine Ossectives. In order to maintain effective operation 
of the zone-leveler to produce useful material, four major desirable crystal 
qualities must be understood and kept in mind as working objectives. 


2.3.5.1 Freedom from Even Minute Amounts of Chemical Contamination. 
To this end everything that comes in contact with the germanium, espe- 
cially the germanium which has solidified from the liquid zone must be 
kept rigorously clean. 
The measurable crystal quality most sensitive to chemical contamination 
is minority carrier lifetime. Two known recombination-center atoms are 
nickel and copper. Accordingly, contamination of apparatus by these ele- 
ments is especially to be avoided. Extreme precautions must be taken in 
handling the boat, the seed, the charge, the impurity additions, the inert 
atmosphere, and the after-heater, The latter should be made of highest- 
purity graphite and baked at a temperature considerably higher than its 
operating temperature, ‘There is evidence (see Fig, 2-25) that chemical 
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Fia. 2-25 Average minority-carrier lifetime plotted against distance from seed 
for two 8-ohm-cm crystals grown with 12-inch, 5-inch, and no after- 
heaters. 


recombination-center atoms in appreciable numbers are introduced into the 
solid germanium during the long period of time that it is hot. 


2.3.5.2 Single Crystallinity. Since polycrystallinity cannot be tolerated 
in most devices, it is essential to avoid any spurious nucleation during op- 
eration of the leveler. The precaution of coating the inside of the boat 
with a non-nucleating non-wetting film of carbon has already been dis- 
cussed. In addition, it is important to maintain a slow even movement of 
the liquid zone, since fast or abrupt movements can start spurious nuclea- 
tion near the growing interface. The smoothness of temperature control 
is also important in this respect, since sudden temperature changes can 
produce nucleation. 


2.3.5.3 Resistivity Uniformity. This quality can be conveniently dis- 
cussed in two sections, (a) uniformity of the cross section of the growing 
crystal and (b) uniformity of the length of the growing crystal. 

(a) Uniformity of the cross section is found to be poorest after leveling 
rapidly with no stirring of the liquid, ‘This is really not surprising, because 
for amall k’s the growing interface resembles a moving filter which allows 
lows than 1 per cent of the impurity concentration in the liquid (when k < 
01) to pasa into the solid, Over 99 per cent of the impurity atoms must 
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therefore be swept along ahead of the moving filter. These impurities move 
either by diffusion or by currents in the liquid. If the motion is fast the 
impurity concentration will build up excessively in front of the solidifying 
interface and be sensitive to irregular local liquid currents. Such local 
variations in C,, will cause proportionate variations in the impurity content 
C, of the growing solid. Thus for a maximum uniformity of impurity con- 
tent a uniform forced stirring of the liquid is desirable and slow growth is 
necessary (Ref. 18). 

(b) In the case of uniformity along the length of the crystal, we have 
already discussed the desirability of using an impurity with a low k in 
order that the liquid zone may not be depleted appreciably of its impurity 
content during passage. In addition, it is highly important to control the 
liquid volume. Because the selected impurities have low k’s, nearly all of 
the impurity atoms will stay in the liquid zone whether its volume expands 
or contracts. Accordingly, Ci, will vary inversely with the volume of the 
liquid. This means that if C;,, is to be constant, all factors affecting the 
liquid volume must be controlled. 

Toward minimizing the effect of temperature variation on the zone vol- 
ume, it is important to consider both the means of over-all temperature 
control and the design of the temperature field which melts the liquid zone. 
It is clear that variation of the temperature field as a whole will directly 
affect the length of the liquid zone. Accordingly, it will be important to 
use a precision temperature controller in order to maintain a constant zone 
length. The controller used here is a servo system that cycles the power on 
and off about ten times a second, adjusting the “‘on”’ fraction of the cycle 
according to the demands of a control thermocouple. The sensitivity of 
the controller is +0.2°C at 940°C. With a liquid zone about 4 em long 
and a temperature gradient of about 10°C per cm at the solidification 
interface, this degree of control should introduce longitudinal resistivity 
variations no greater than +0.3 per cent. 

When other requirements permit, it is possible to design a temperature 
contour to minimize the effects of control fluctuations. When the tem- 
perature gradients at the ends of the liquid zone are small, a slight change 
in the general temperature of the system will cause a relatively large change 
in the position of the solid-liquid interface. On the other hand, when the 
gradient is steep, the shift in position of the interface will be small. It is 
with this consideration in mind that a temperature gradient of about 130°C 
per cm is provided at the melting end of the liquid zone (Fig. 2-26). A 
steep gradient has the added advantage that it provides a large heat flux 
which is capable of supplying or removing the heat of solidification even at 
relatively fast leveling rates. Thus, a steep temperature gradient serves 
effectively to localize a solid-liquid interface. Other considerations, soon to 
be discussed, dictate that a small temperature gradient (about 10°C per cm) 
must be used at the freezing end of the zone. Accordingly, high precision 
of temperature control is required to properly stabilize the position of this 
solid-liquid interface. 

The combination of after-heater and slow growth-rate is used for crys- 
tals of the highest perfection and uniformity. If erystals are to be grown 
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Fig. 2-26 Axial temperature curve for the germanium zone-leveler with after-heater. 
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faster (e.g., 3.3 inches per hr) the shallow temperature gradient associated 
with the after-heater causes control difficulties because the solidifying inter- 
face tends to be carried along with the motion of the germanium, greatly 
increasing the liquid volume. This occurs because the heat of solidification 
is not removed rapidly enough to definitely localize the interface at the en- 
trance of the after-heater. Thus a short after-heater or none at all is 
preferable for faster growth rates. 

A second factor affecting the liquid volume is variation in the cross sec- 
tion of the liquid zone, which causes proportional variations in resistivity 
(observed as great as +20 per cent). Accordingly it is desirable to select 
zone-refined ingots of uniform cross section, or better still, to cast the re- 
fined germanium into a mold of controlled uniform cross section. 

Yet a third factor that can affect the liquid volume is cracks or discon- 
tinuities in the zone-refined charge. These are obstructions to the flow of 
heat through the charge away from the liquid zone. Hence they cause the 
temperature to rise and the liquid zone to lengthen until melting has closed 
the gap and normal conditions are again approached. Such a crack thus 
causes a peak in resistivity along the ingot length of about 10 per cent 
above normal. Since this same effect is caused by the approach of the zone 
to the end of the charge, it is advisable to use a longer charge than is to be 
leveled. 

A constant and uniform growth rate is important toward obtaining uni- 
form longitudinal resistivity because segregation coefficients vary with 
growth rate. This is especially true in the case of the k for antimony. 
Under steady-state conditions, the growth rate is the rate at which the 
boat is pulled through the heater. A stiff pulling mechanism is required 
in order that the slow motion be steady. In the apparatus described here, 
4 synchronous motor, operating through a gear reduction to drive a lead 
screw, has served to pull the boat smoothly over polished quartz rods. 

The true growth rate may be affected by factors that cause variations 
from steady-state growth, such as temperature and gas-flow fluctuations. 
The need to control these variables has already been mentioned because of 
their effect on zone volume; their effect on growth rate is thus a second 
reason for their control. 


2.3.5.4 Crystal Lattice Perfection.* A single edge dislocation in germa- 
nium may be regarded as a line of free valence bonds. The dislocation line 
is believed to have about 4 X 10° potential acceptor centers per cm, pro- 
ducing a space charge in the neighboring germanium and strongly modify- 
ing its semiconductor properties (Ref. 12). A lineage boundary (a term 
found useful to designate a low-angle grain boundary) is a set of regularly 
spaced dislocations, and may be regarded as a surface of p-type material. 
Since the basic electrical properties of a semiconductor (resistivity and 
also minority carrier lifetime) are drastically out of control at dislocations 
and arrays of dislocations, it is easy to understand why these.lattice imper- 
fections are undesirable in crystals to be used for most semiconductor pur- 
PONOH, 


* Roprintod from the Bell System Techn, J. Vol, 85, No. 8 (May 1956) p. 649, 
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The attainment of high perfection in germanium lattices may conven- 
iently be discussed in two parts: first, the growth of a single crystal of high 
perfection and second, the preservation of the crystal’s perfection during 
its cooling to room temperature. 

The problem of growing a single crystal in the zone-leveler is basically 
one of arranging conditions so that the liquid germanium solidifies only on 
the single-crystal germanium seed. In order to achieve this situation, it is 
essential that no stable nuclei form. Thus, not only must the temperature 
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Fig. 2-27 Schematic solute concentration and temperature curves in liquid near 
the freezing interface, illustrating constitutional supercooling. The left 
edge of each diagram represents the solid-liquid interface. 


of the liquid zone be above its freezing point everywhere except at the 
interface, but the liquid must also be free of foreign bodies that can act as 
nuclei. Furthermore, temperature fluctuations are to be avoided. 

The requirement that the liquid temperature be above its freezing point 
necessitates a slow growth rate because of what has been termed “consti- 
tutional supercooling” (Ref. 14). This phenomenon can best be described 
with the aid of Fig. 2-27. The freezing point of a liquid is depressed by in- 
creasing concentration of solutes haying k’s less than unity. Because of 
the rise in Cz near the solidifying interface, the freezing point is more de- 
pressed in this region than in the bulk of the liquid zone as shown in Fig. 
2-27. . 

It has also been shown (Sec. 6.5) for crystals growing in one dimension 
that the temperature gradient in the liquid decreases for increasing growth 
rates, The temperature gradients for two growth rates are plotted on Fig, 
2-27, It can be seen that where the growth rate is slow and the tempera- 
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ture gradient is steep, the temperature of the liquid is above its liquidus 
(freezing point curve) throughout the liquid, and no stable nuclei can form. 
However, increasing the growth rate decreases the temperature gradient, 
while it depresses the liquidus. If the temperature gradient is reduced to 
that indicated for fast growth, a region of constitutional supercooling will 
exist in front of the solidifying interface where nuclei can form and grow. 
The freezing of such a crystallite onto the growing crystal marks the end 
of single-crystal growth. 

A foreign body may also initiate polycrystalline growth. A natural site 
for nucleation by foreign bodies is the wall of the boat, close to the growth 
interface. Here the liquid germanium is in contact with foreign matter at 
temperatures approaching its freezing point. It was found by D. Dorsi 
that germanium single crystals could be grown satisfactorily in a smoked 
quartz boat at growth rates up to 2 mils per sec. However, uniformity 
considerations mentioned previously make it desirable to zone-level at much 
slower rates. 

It is believed that scattered dislocations may be produced in a single- 
crystal germanium lattice by three chief mechanisms. They may be prop- 
agated from a seed into the new lattice as it grows; they may result from 
various possible growth faults; but probably the most important mechanism 
in this work is plastic deformation of the solid crystal. The first cause 
may be minimized by selecting the most nearly perfect seeds available, the 
second by using slow growth rates, and the third by minimizing stresses in 
the crystal. 

The after-heater was designed to minimize the cooling stresses and strains 
in the solid crystal. These are produced by the contraction of the outer 
skin of the crystal, which cools first. The resulting state of tension in the 
outer skin and compression in the inner bulk strains the crystal while it is 
still hot and plastic. The after-heater minimizes these stresses and strains 
by holding the crystal at an essentially uniform high temperature until it 
is all grown and then lowering the temperature slowly and uniformly. The 
results appear to attest to the correctness of this theory, as can be seen 
from Table 2-2. 


2.3.6 Prtor Propuction Rrsutts. The capabilities of the zone-leveling 
equipment and techniques just described may be evaluated with reasonably 
good accuracy on the basis of the measurement results obtained from more 
than 300 single-crystal ingots so produced. Over 200 of these crystals were 
grown in the after-heater at the “slow” growth rate of 0.09 mils per sec. 
‘The rest were grown with a short after-heater or none at all at a growth 
rate about ten times greater. 

The ingots to be measured (see Fig. 2-28) were usually 4-6 inches long 
after removing seeds and solidified zones (i.e., 2-3 zone lengths), and were 
cut into l-inch lengths. The p, 7, and « measurements were taken on the 
flat ends of these segments. The results of the observations. will be sum- 
marized and discussed in terms of the four device test requirements. 


2.3.6.1 Compositional Uniformity. The resistivity measurements were 
taken with a calibrated 4-point probe technique discussed in Sec, 12,1 at 
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Fia. 2-28 Zone-leveled single-crystal ingot. 


five locations on each ingot cross section (center, top, bottom, and each 
side). The spacing between adjacent points of the probe was 50 mils. 
Accordingly, these measurements would be insensitive to p fluctuations in 
the material of this order or smaller. However, an investigation by poten- 
tial probing techniques of Ge filaments cut from zone-leveled ingots (Ref. 
15) indicates that p fluctuations in zone-leveled material are generally 
coarse, changing over distances 2 to 5 times larger in dimension than the 
50-mil dimension in question. Thus the p data summarized here should 
give a reasonably valid representation of the true p variations in the ingots 
measured, 

Table 2-1 summarizes the resistivity variations recorded as percentages 
of the mean resistivity of each ingot. These variations are separated into 


TABLE 2-1 AVERAGE RESISTIVITY VARIATIONS 


(A) ALONG LENGTH AXIS. GRAND LENGTH AVERAGE + 10% 








Growth n-Type p-Type 
4 [Aer 
Rate, mils 
per sec +% 
: +% No. of Ingots +% No. of Ingots 
0.9 9.9 27 10.9 33 10.4 
0.8 7.6 12 17.4 16 13.2 
0.09 9.0 108 9.3 137 9.2 
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those observed (A) along the length axis and (8) over the cross section, for 
the different growth conditions and resistivity types. 

It is readily seen that the average variation along the length, about +10 
per cent, is larger than the average cross-sectional variation. The varia- 
tions are not systematic along the length of the ingot and are chiefly due 
to fluctuation in the length of the liquid zone. An appreciable part of this 
variation is due to the effect, mentioned earlier, of discontinuities in the 
unmelted charges between 1-inch lengths of crystals that were being re- 
leveled. A smaller length variation of p, about +7 per cent, was observed 
in the ingots grown from continuous charges. 

Part (B) of the table shows that the variation of p over the cross section 
is sensitive to the growth rate in the range covered. For slow growth it is 
small, and one would reasonably expect that if further improvement in p 
variation were required, it should first be sought by improving the control 
of the zone length. 


2.3.6.2 Macro Perfection. Macro perfection of the pilot production prod- 
uct is extremely high. There were essentially no cases of polycrystallinity, 
or twinning, except for clearly attributable causes such as power or equip- 
ment failure. There were few cases of lineage in the short after-heater and 
virtually none in the full after-heater, while lineage is not uncommon in 
ingots grown with no after-heater. 


2.3.6.3 Micro Perfection. Table 2-2 summarizes the etch-pit density, ¢, 
measurement results. In general, it can be seen that with the after-heater 
one can expect etch-pit counts of the order of 1500 pits per em”, which is 
lower than results without an after-heater by about an order of magnitude 
(and lower than e’s of pulled Ge crystals by about two orders of magnitude). 


TABLE 2-2 AVERAGE ETCH PIT DENSITIES, ¢ 





Growth ‘Avanins Standard 
Rate, mils 8° | Deviation 
per sec 
12-inch after-heater 0.09 
5-inch after-heater 0.09 
0.9 
No after-heater 0.9 








The lowest average count that has been observed is 40 pits per cm?. This 
crystal was found to have the smallest X-ray rocking-curve widths observed 
in germanium at Bell Telephone Laboratories—very nearly the theoretically 
ideal widths. The perfection indicated is exceptional and comparable to 
that of selected quartz crystals. 


2.3.6.4 Lifetime of Minority Carriers. The data for 7 are summarized in 
‘ig, 2-29, in which are plotted averages of the 7 measurements on the ingot 
K ) 
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AVERAGE LIFETIME IN MICROSECONDS 








DISTANCE FROM SEED IN INCHES 


Fic. 2-29 Average minority-carrier lifetime plotted against distance from seed for 
two 8-ohm-em crystals grown with 12-inch, 5-inch, and no after-heaters. 


sections against distance from the seed. One sees a systematic rise in 7 
along the length axis of an ingot grown slowly in the after-heater. This is 
interpreted to indicate that the ingot is being slowly contaminated with 
chemical recombination centers during its long wait inside the after-heater 
at high temperatures. If improvement were needed in lifetime, it should 
be sought first by increasing the chemical cleanliness precautions, which 
were, none the less, strict in this work. 


2.3.7 APPRAISAL OF THE ZONE-LEVELING Process. The data presented 
show that the zone-leveling apparatus described provides growth condi- 
tions suitable for the production of quality germanium single crystals. 
The crystals are nearly uniform and have exceptionally high lattice per- 
fection. Similar levelers are in use in production. 

The apparatus developed has been used to supply germanium single 
crystals for experiments and for the pilot production of a variety of point- 
contact, alloy, and diffusion transistors. The machine operating at slow 
growth-rate with an after-heater can produce one 6-inch 250-gm crystal 
per day. For less critical demands, it can produce several longer crystals 
per day. 

Resistivity variation on a cross section of the ingot can be a3 per cent, 
and along the length axis it can be controlled to a7 per cent if a continuous 
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charge is used. Furthermore, the crystals contain no grain boundaries or 
lineage, and the scattered etch-pit densities average about 1500 per cm”, 
Thus, the zone-leveling process has proved to be simple, efficient, and cap- 
able of more than meeting the present specifications for quality germanium 


single crystals. 


wre 


oe 


6 


Levelers have been designed and operated in larger sizes by the Western 
Electric Company. Useful crystals have been produced in boats having 
two and four times the cross-sectional area of the 1-inch semicircular boat 
used in the apparatus discussed above. While the results of these levelers 
are promising, there were not enough data at the time of this writing to 
permit a good evaluation of them. 
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SYMBOLS USED IN CHAPTER 2 


concentration of solute in the solid 

concentration in the first zone 

initial concentration of solute in the melt 

impurity concentration in solid 

concentration of solute in the solid at any point x 

distribution coefficient, segregation coefficient 

length of molten zone 

length of charge 

fraction of original volume which has solidified, distance 
from starting point 

etch-pit density 

resistivity 

standard deviation 

minority-carrier lifetime 
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Chapter 3 


RECLAMATION OF SCRAP GERMANIUM 


Over 80 per cent of the germanium in an ingot is consumed in the course 
of preparation of wafers for use in transistors and varistors. Because ger- 
manium is a valuable as well as a relatively rare element, it is essential 
that this waste material be recovered. Germanium may be recovered by 
the zone-refining techniques already discussed in Chapter 2, by chemical 
methods, or by a combination of both. Which of these will be used is 
largely a matter of economics and depends in part on the composition of 
the scrap. 

Germanium for reprocessing may be divided into three categories. The 
first of these consists of relatively large pieces from the tops of ingots or 
ends of single crystals which do not fall within the desired resistivity limits. 
Zone-refining of such material will result in recovery of a large fraction of 
usable germanium. Further zone-refining of the remaining unsatisfactory 
material is possible, although the yield of acceptable germanium will be 
smaller with continued processing owing to the increasing concentration of 
impurities in the feed material. In consequence, at some impurity level, 
recovery by chemical means will become more economical. 

A second category of germanium scrap consists of smaller, highly con- 
taminated pieces from the ends of n-p and n-p-n junction bars. Zone- 
refining of this material is feasible, but further purification of the impure 
end of the zone-refined bar will probably be most easily accomplished by 
chemical treatment. 

A third category, which will comprise a large fraction of the scrap ger- 
manium, will be in the form of a sludge recovered from the sawing opera- 
tions. This sludge will probably be most easily recovered by chemical 
means. 


3.1 CHEMICAL METHODS 


In order to recover germanium scrap by chemical methods, it is first nec- 
essary to convert the material to germanium tetrachloride with chlorine, 
using the following reaction: 


Qo -- 2Cly > GoCh, 
Mo 





Chapter 3: RECLAMATION OF ScRAP GERMANIUM 51 


The germanium tetrachloride obtained in this manner is then purified either 
by distillation or by extractive methods described in the following sections. 


3.1.1 CHLoRINATION oF GERMANIUM. Chlorination of 1-lb charges of 
germanium may be accomplished readily using the apparatus shown in Fig. 
3-1. This consists of a fused silica tube closed at one end, 16 inches long 
and 234 inches in diameter, with a 34-inch wall. The tube is sealed at the 
open end with a rubber stopper shielded with glass wool. A 4-inch silica 
tube for chlorine introduction and a 14-inch bent Vicor tube which is con- 
nected to a 10-inch Liebig condenser are inserted in the rubber stopper. 
The condenser is connected to a 2-liter distillation flask immersed in an ice 
bath. To carry out the reaction, a small flow of chlorine is maintained in 
the system, and the silica tube containing the germanium is heated near 
the top of the charge with a Meeker burner. As the temperature is in- 
creased, the germanium ignites and burns spontaneously in the chlorine. 
When this occurs, further heating is unnecessary and the rate of reaction 
can be controlled by adjusting the chlorine flow. Toward the end of the 
reaction, as the germanium charge becomes depleted, additional heat may 
be required. This can be supplied by the Meeker burner. The germanium 
tetrachloride formed in this process passes into the condenser and the liquid 
is collected in the chilled distillation flask. This germanium tetrachloride, 
as will be shown in Sec. 3.1.2, contains considerable amounts of impurities 
and must be purified by either the distillation or extraction methods to be 
described. ; ; 

Because of the volatility of germanium tetrachloride, it may be desirable 
to connect the receiving flask in the chlorination apparatus to one or more 
traps containing water. Doing this will convert the germanium tetrachlo- 


SILICA VICOR 
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ICE WATER 
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Fig, 8-1 Apparatus for the chlorination of germanium. 
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ride vapor in the emergent chlorine to germanium dioxide. The oxide can 
then be dissolved in hydrochloric acid and added to the main distillate of 
germanium tetrachloride prior to further purification. 


3.1.2 DISTILLATION OF GERMANIUM TETRACHLORIDE. Of the impurities 
normally found in germanium, arsenic is one of the most difficult to remove. 
It may, however, be successfully eliminated by the distillation of the chlo- 
rides of germanium and arsenic in the presence of hydrochloric acid and 
chlorine. Germanium tetrachloride is immiscible with hydrochloric acid, 
which floats on the surface of the mixture. Arsenious chloride, on the other 
hand, dissolves in the aqueous layer and is hydrolyzed to arsenious acid. 
This is then oxidized by the chlorine to arsenic acid as indicated by the 
following reaction: 


AsCl3 + Clz + 4H20 — H3AsO4 + 5HCI 


The arsenic acid remains in the aqueous layer, and since it is not volatile, 
the germanium tetrachloride may be separated from the mixture by dis- 
tillation. 

The apparatus used in carrying out the distillation is shown schematically 
in Fig. 3-2. It consists of a 2-liter flask connected to a chlorine source and 
a 10-inch fractionation column. The top of the column is connected to a 
10-inch Liebig condenser terminating in a 500-ml flask. Before entering 
the distillation flask, the chlorine is passed through a glass trap filled with 
glass wool to eliminate any solid contaminants originating from the chlorine 
tank. The fractionation column was made with a 10-inch Liebig condenser 
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Wid, 2 Apparatus for the dintillation of germanium tetrachloride, 
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Via. 3-3 Purification of germanium by the distillation of germanium tetrachlo- 
ride: resistivity data. 


filled with 14-inch glass helices. The joints in this apparatus may be sealed 
with corks coated with collodion, although an all-glass system is to be pre- 
ferred. Since germanium tetrachloride has an appreciable vapor pressure 
at room temperature, the receiver is chilled with an ice bath. In practice, 
it would be well to connect the receiver to one or more traps containing 
water which would convert any germanium tetrachloride remaining in the 
effluent chlorine to germanium dioxide. This oxide could then be added 
cither to the product or dissolved in hydrochloric acid and redistilled. 

To carry out the distillation, a charge of about 500 milliliters of germa- 
nium tetrachloride and enough 38 per cent hydrochloric acid is added to 
the flask to give a 3¢-inch layer which floats on the top of the tetrachloride. 
A small flow of chlorine is started through the system, and power is applied 
to the heating mantle which warms the distilland. The germanium tetra- 
chloride, chlorine, and hydrochloric acid vapors rise into the fractionating 
column, where they come in contact with liquid germanium tetrachloride 
and hydrochloric acid which condense in the column and drip back into the 
distilling flask. Enough heat is applied to the mantle to maintain a steady 
drip of distillate to the receiving flask of about five drops per second. Dis- 
tillation is continued until only a few milliliters of germanium tetrachloride 
romain in the distillation flask, the total time of distillation being about 2 hr, 
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Fia. 3-4 Relative effectiveness of simple and column distillations: resistivity data. 


The distillate is finally hydrolyzed to germanium dioxide in six volumes of ° 


distilled water, filtered in a Buchner funnel with #42 Watman filter paper, 
washed sparingly, and dried at 110°C. The water used for this purpose 
should be ion-free. Satisfactory water may be obtained by distillation in an 
all-glass or quartz system. 

The effectiveness of the distillation method for the purification of ger- 
manium scrap was established in the following investigation. For this pur- 
pose, a 1-lb charge of scrap germanium known to contain 0.1 per cent each 
of aluminum, boron, gallium, arsenic, antimony, and silicon was chlorin- 
ated as described in Sec. 3.1.1. After chlorination, a 50-ml sample of the 
germanium tetrachloride was removed and the balance of the charge was 
distilled using the procedure of Sec, 3.1.2. A second 50-ml sample was 
taken and the remaining distillate was hydrolyzed to germanium dioxide, 
‘The germanium dioxide was then mixed with 400 ml of hydrochloric acid 
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and the mixture, which consisted of germanium tetrachloride with a layer 
of hydrochloric acid on top, was distilled as before. A third 50-ml sample 
was taken from the distillate, and all three samples were hydrolyzed sepa- 
rately to germanium dioxide. These samples were converted to germanium 
by the method described in Sec. 1.4.1. The resistivities at various loca- 
tions in these ingots are given in Fig. 3-3. It is at once obvious that al- 
though the germanium obtained after chlorination of the scrap is badly 
contaminated, a single distillation brings this material to a high state of 
purity. No additional purification was observed with the second distilla- 
tion. The material obtained after a single distillation is equivalent to the 
best obtainable from the supplier. 

In connection with the distillation method, it was of interest to know 
whether the packed column used in the apparatus of Fig. 3-2 was essential. 
To check this point, highly contaminated germanium tetrachloride was dis- 
tilled, in one case with the column and in the other with the column re- 
placed by a short bent tube connecting the distillation flask and the con- 
denser. Samples from the initial material and from each distillation were 
converted to germanium ingots as previously described. The resistivities 
obtained at various locations in these ingots are shown in Fig. 3-4. The 
data indicate that while considerable purification is obtained by the dis- 
tillation of germanium tetrachloride without the use of a column, much 
greater purification is obtained when the column is used. 


3.1.3 PurRIFICATION OF GERMANIUM By ExTracTIVE MetuHops. As al- 
ready noted, hydrochloric acid and germanium tetrachloride are immiscible 
and form a double-layer system with the lighter hydrochloric acid on top. 
Since arsenious chloride is soluble in both HCl and GeCl,, separation by 
extraction is possible, as shown by Allison and Muller.* The following 
equilibrium is established in this process: 


AsClgceci, <> AsClsuci 
At equilibrium, 
C 
Ee ae te 
CB 


where K = distribution coefficient, 
C4 = concentration AsCls in HCl, 
Cr = concentration AsCls in GeCly. 


The materials balance equation for the above extraction is 
VaCa + VeCp = Va, 


where V4 = volume of HCl, 
Vy = volume of GeCh, 
C,= initial concentration of AsCls in GeCly. 


* 1h, K, Allison and J, A, Muller, J, Am. Chem, Soe. Vol, 54, pp, 2883-2842, 
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For multiple extractions it can be shown that 


Ch 1 e 
ee (a (3-1) 
Co Kr+1 


where C,, = concentration of AsCl3 in GeCl, after n extractions, and 


r=—: 
B 

Experimentally, values for K have been found to vary between 0.6 and 
1.2, depending on the arsenic concentration, and in consequence, the num- 
ber of extractions required for purification to levels satisfactory for semi- 
conductor uses is large. The extraction with hydrochloric acid, however, 
can be made very much more effective by saturating the system with chlo- 
rine. With this process, use is made of the following reaction, which occurs 
in the aqueous layer: 

AsCl; + 4H,O + Cl,  H3AsO4 + 5HC1 
At equilibrium 
5 
Rr = Wks Pc 
QAsCls* a*i.0 “ACs 

where a = the activities of the components. 
The effect of this reaction is to reduce the concentration of the AsCl3 in 
the aqueous layer and hence to promote further extraction of this com- 
ponent from the germanium tetrachloride layer. Since the arsenic acid 
remains in the aqueous phase, the net effect of this reaction is to enhance 
the removal of arsenic from the germanium tetrachloride. The materials 


balance equation for the extraction with HCl and Cl, with the above reac- 
tion occurring is as follows: 


VaC. + VaCa + VeCp = VaC, 
where C, = concentration of H3AsO4 in HCl. 


From this it can be shown that for multiple extractions 


Cy 1 a 
Cw Co) (3-2) 
Co rkK + rK +1 


A 
et K’a* 0c, 
= 5 baa 
a Hcl 


where 


It can be seen by comparing (3-1) with (3-2) that when k is large, the 
removal of arsenious chloride by hydrochloric acid extraction will be greatly 
improved by the addition of chlorine, Dilution of the hydrochloric acid to 
reduce its activity would also favor the separation when chlorine is used 
in the extraction, ‘This, however, would increase the lows of germanium 
tetrachloride by solution in the aqueous layer, which in undesirable, 
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ia, 8-5 Removal of arsenious chloride from germanium tetrachloride by ex- 
tractive procedures: resistivity data. 


‘lo determine the relative effectiveness of HCl extraction with and with- 
out the use of chlorine, the following series of extractions were carried out. 
Iundred-cm? portions of germanium tetrachloride containing like amounts 
of arsenious chloride were given multiple extractions, in one case with 
hydrochloric acid and in the other with hydrochloric acid and chlorine. 
\"ifty em® of hydrochloric acid (37 per cent) was used in each extraction; 
and where chlorine was used, both the acid and the germanium tetrachloride 
were saturated at O°C. During extraction, the samples were agitated at 
intervals during a 45-min period and were kept chilled in an ice bath. 
Meparations between extractions were made, using a separatory funnel. 
Alter four extractions, the purified germanium tetrachloride samples, as 
woll as a portion of the initial material, were hydrolyzed separately in six 
yolumos of distilled water, The resulting germanium dioxide was washed 
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Fic. 3-6 Purification of germanium tetrachloride by extraction with hydrochloric 
acid and chlorine: resistivity data. 


and dried. Fifteen-gm samples of the oxide were then reduced in hydrogen 
and ingots prepared, using the technique described in Sec. 1.4.1. Resis- 
tivity measurements made on specimens cut along the growth axis of the 
ingot are shown in Fig. 3-5. It is at once apparent that extraction with 
hydrochloric acid and chlorine is much more effective for the removal of 
arsenious chloride from germanium tetrachloride than hydrochloric acid 
alone. After four extractions with HCl, the germanium obtained is of low 
quality and would be unsatisfactory for semiconductor use. The germa- 
nium obtained using HCI-Cl, extraction is equivalent to that obtained by 
distillation methods and is of satisfactory quality for zone-refining opera- 
tions. 


8.1.4 Purvercarion or Scrap Gurmantum, Serap germanium resulting 
from semiconductor processing may contain, in addition to arsenic, small 
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amounts of aluminum, boron, gallium, antimony, and silicon. It was 
therefore necessary to determine if, after chlorination, material of this sort 
could be successfully purified by extraction with hydrochloric acid and 
chlorine. A synthetic sample of germanium containing 0.1 per cent of 
each of the above-mentioned elements was chlorinated, using the procedure 
discussed in Sec. 3.1.1. The resulting germanium tetrachloride was ex- 
tracted for a total of eight times, samples being taken initially and after 
the second, fourth, and eighth extractions. In these extractions, concen- 
trated hydrochloric acid saturated with chlorine was used, the ratio of acid 
to germanium tetrachloride being 0.40 by volume. The samples were hy- 
drolyzed to germanium dioxide and converted to germanium ingots as be- 
fore. Resistivity data for these ingots are given in Fig. 3-6. The data 
indicate that considerable purification is obtained with two extractions, 
and that material of this quality is satisfactory for zone-refining operations. 
Additional purification is realized with four extractions, and no significant 
further purification is realized with eight extractions. After four extrac- 
tions the material is equivalent to that obtained with the distillation 
methods, as can be seen by comparison of Curve C of Fig. 3-6, with Curves 
B and C of Figs. 3-3 and 3-4. 
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Ma, 3-7 Apparatus for continuous extraction of germanium tetrachloride. 
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Since the extractive method involves only relatively simple procedures, 
it appears to be an attractive method for the purification of germanium. 
Experimental work with the extractive method at Bell Telephone Labora- 
tories has been confined to the batch process herein described. The 
method, however, could be adapted to continuous extraction techniques. 
For example, using apparatus such as is shown in Fig. 3-7, effective puri- 
fication should be possible on a continuous basis. In such a system, impure 
germanium tetrachloride from the reservoir enters at the top of the column 
and slowly percolates through a countercurrent stream of hydrochloric acid 
saturated with chlorine which enters from a reservoir connected to the base 
of the column. Purified germanium tetrachloride may be continuously or 
intermittently drawn from the bottom of the column, and the contaminated 
hydrochloric acid leaves through a side arm near the top of the column. 
The column is shown filled with glass helices for the purpose of improving 
the contact of the germanium tetrachloride with hydrochloric acid. 


SYMBOLS USED IN CHAPTER 3 


a the activities of the components 
Ca concentration of AsCls in HCl 
CB concentration of AsCls in GeCl, 
Co concentration of HzAsO, in HCl 
Cx concentration of AsCls in GeCl, after n extractions 
on initial concentration of AsCls in GeCly 
K distribution coefficient : 
Va 
; ae 
VB 


Va volume of HCl 
Va volume of GeCl, 
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Chapter 4 


PREPARATION OF GERMANIUM SINGLE 
CRYSTALS BY THE PULLING METHOD: 
INTRODUCTION 


I'r will be evident from Part IT and subsequent chapters that the prepara- 
tion of single-crystal germanium has become a vital part of transistor tech- 
nology as well as of experimental transistor science. This is likewise true 
of the pulling process of producing single crystals of germanium. The pur- 
pose of this chapter is to introduce the more general features of the semi- 
conductor material and of the process before presenting the reader with a 
more complete consideration of the scientific and technological aspects in 
succeeding Chapters 5 to 8, inclusive. 


4.1 SOME ASPECTS OF GERMANIUM FOR USE IN 
TRANSISTORS 


The development of germanium single crystals to provide material for 
the production of transistor and diode devices was undertaken in recogni- 
(ion of some limitations of polycrystalline germanium. Polycrystalline ger- 
iManium came into use for point-contact diode devices during the last war. 
It was and is widely used for many important diode applications, and until 
relatively recently it was the only type of germanium available for devices. * 
Aw the applications became more diverse, some of them placed very exacting 
(leomands on the semiconductor, and it was evident that improvements in 
(he material would be very helpful. Great emphasis was given to the need 
for an improved germanium by the invention of the transistor, + which rep- 
rowented an added degree of device complexity. Many different possible 


* lor general background information on the World War II work on germanium the 
reader is referred to Torrey and Whitmer, Crystal Rectifiers, McGraw-Hill Book Com- 
pany, Ine,, New York, 1948. This book describes the contributions of Lark-Horowitz 
wi navociates at Purdue University; Scaff, Schumacher, and associates at Bell Tele- 
phone Laboratories; North at General Electric Company; and others. 

{J, Bardeen and W, H, Brattain, Phys. Rev, Vol. 74 (1948) pp. 230-231; W. HH. 
Hrattain and J, Bardeen, Phys, Rev, Vol. 74 (1948) pp. 231-232; J, Bardeen and W. H. 
Hratiain, Phys, Rev, Vol, 75-1949) pp, 1208-1225, 
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conduction phenomena were soon under discussion, and several were 
thought to be of practical interest. These phenomena involved considera- 
tion of injection, generation, flow, trapping, and recombination of holes and 
electrons.* It seemed certain that if the roles of these phenomena were to 
be understood, and if holes and electrons were to be functionally employed 
in complex devices to be manufactured in large-scale production and at low 
cost, the germanium from which the devices were to be made would have 
to incorporate a far higher degree of control of the essential semiconducting 
properties and be a far more perfect semiconducting medium than was 
available at that time. 

The polycrystalline germanium heretofore available for devices failed to 
meet exacting standards for a good semiconducting material in two impor- 
tant respects. The essential semiconducting properties of any semiconduc- 
tor material + depend upon the perfection of its lattice structure and upon 
control of its chemical composition as a function of its spatial coordinates. 
In both of these respects the standard polycrystalline germanium left much 
to be desired. When a germanium melt is solidified in the conventional 
manner from the bottom up in a container, two fundamental properties of 
germanium cause a deterioration in the quality of the solid as a semiconduc- 
tor material: first, germanium expands 5 to 6 per cent { on solidifying; 
and second, most donor and acceptor impurities concentrate rapidly in 
the liquid phase as the melt is progressively solidified. The expansion of ger- 
manium on solidifying in a markedly non-planar liquid-solid interface and 
within inflexible crucible walls causes the material to develop strains with 
resultant random formation of grain boundaries, twins, and other lattice 
defects throughout the solid. These faults in the structure of the material 
act as uncontrolled resistances, electron or hole emitters, and traps which 
affect transistor operation in uncontrolled ways. The concentration of 
donor and acceptor impurities in the liquid phase results in a change in 
the conductivity from the bottom to the top of the polycrystalline mate- 
rial, the last part to freeze being of far lower resistivity than the first part 
to solidify. This lack of uniformity of resistivity is undesirable in a mate- 
rial to be used in many units meant to be identical. 


* Many investigators took part in these discussions of mechanisms and many sug- 
gestions have never been published. The reader is referred to William Shockley, Elec- 
trons and Holes in Semiconductors, D. Van Nostrand Company, Inc., Princeton, N. J., 
1950, as the best summary. 

t Good background information on the dependence of the properties of a semicon- 
ductor on structure and impurities is contained in summaries of early work in (1) Hughes 
and Du Bridge, Photoelectric Phenomena, McGraw-Hill Book Company, New York, 
1932; (2) DeBoer, Electron Emission and Adsorption Phenomena, Cambridge University 
Press, London, 1935; F. C. Nix, ““Photoconductivity,”’ Rev. Modern Phys. Vol. 4 (19382) 
pp. 723-766; A. L. Hughes, “‘Photoconductivity in Crystals,” Rev. Modern Phys. Vol. 8 
(1936) pp. 294-815; Mott and Gurney, Electronic Processes in Ionic Crystals, Oxford 
University Press, New York, 1940. 

t Klemm, Spitzer, Lingenberg, and Junker, Monatsh, Chem, Vol, 88 (1952) p. 629; 
R. C, Sangster and J. N. Carman, dr., J. Chem. Phys, Vol, 23 (1955) pp, 206-207, 
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4.2 GENERAL AIMS OF THE SINGLE-CRYSTAL WORK 


The general aims of the germanium single-crystal work can be stated as 
follows: 


(1) to produce a conducting medium in which a high degree of lattice 
perfection, of uniformity of structure, and of chemical purity is at- 
tained; and 

(2) to build into this highly perfect medium in a controlled way the re- 
quired resistivities and electrical boundaries to give a variety of de- 
vice possibilities by control of the chemical composition (i.e., donor 
and acceptor concentration) along the direction of single-crystal 
growth. 


Seeking a high degree of perfection in the semiconducting solid is very 
much the same as seeking a high vacuum in a vacuum tube in order that 
the conduction phenomena of primary interest shall not be complicated by 
a variety of undesired ions of unknown identities. In the vacuum tube 
one then puts elements (such as gases, grids, and treated electrodes) into 
the medium in a controlled manner such that each added element serves 
to control the flow of electrical carriers through the medium in a way suited 
to the attainment of some useful and specified purpose. Understanding 
and utility are then equally served since the various features of the con- 
duction process can be at least partly separated, studied, and improved. 


4.3. GERMANIUM SINGLE CRYSTALS BY THE PULLING 
PROCESS 


A variety of methods have been employed by various experimentalists 
to produce single crystals of metals, salts, insulators, and semiconductors. * 
The pulling process to be described employs the technique of lifting a 
single crystal from a melt common to the methods of Czochralski, Kyropou- 
los, Gomperz, and Hoyem and Tyndall but differs from them in the addi- 
tion of novel techniques developed to produce single crystals in which the 
impurity composition is controlled in the direction of crystal growth while 
high degree of lattice perfection is at the same time achieved and main- 
(uined in the crystal. It is particularly this concept of control of composi- 
lion, which was not a concern of the earlier methods of single-crystal 
wrowth, that has led to differences in the design and operation of the 
orystal-growing equipment which are significant in growing germanium 
orystals, ‘The use of a pulling method for germanium and the employment 


* Mor background information on various methods of preparing single crystals, see 
Il, 1d, Buekley, Crystal Growth, John Wiley & Sons, Inc., New York, 1951; A. N. Holden 
‘The Preparation of Metal Single Crystals,” Trans. Am. Soc. Metals Vol. 42 (1950) 
pp, 819-846; H. Walther, “Preparation of Large Single Crystals of Sodium Chloride,” 
Kev, Sci, Instr. Vol. 8 (1937) pp. 406-408, 

tJ, Czochralski, Zeit. f. physik. Chemie Vol. 92 (1918) pp. 219-221; 8. Kyropoulos 
Feit, f, anorgan, allgem, Chemie Vol. 154 (1926) pp. 808-318; E, v. Gomperz, Zeit. f. 
Phywik Vol, 8 (1922) pp, 184-190; A. G, Hoyem and E, P. 'T. Tyndall, Phys. Rev. Vol. 


WA 1020) pp. 8180, 
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of new techniques to be described have been vital factors in the attainment 
of single crystals in which the essential semiconducting properties are highly 
controlled. 

The pulling process for producing germanium single crystals is illustrated 
schematically in Fig. 4-1. A germanium single-crystal seed of controlled 
orientation is dipped into a germanium melt in a high-purity container; a 
portion of the seed is melted to rid it of strained portions, and a germanium 
single crystal is pulled progressively from the melt as it grows on the seed. 
The rate of lifting of the crystal is usually kept equal to the average rate 

of linear growth, thus resulting in 

an approximately planar solid-liquid 

interface being held at approxi- 

mately a constant level above the 

ORIENTED sincte meltsurface. This method of grow- 
CRYSTAL SEED ing a germanium single crystal * 
avoids application of constraints on 

ig AE, the crystal by the vessel containing 
the liquid or by markedly non-par- 

allel temperature gradients, reduces 
contact of the freshly grown solid 
with foreign substances to a mini- 
mum, and minimizes the time of 
thermal treatment of the solid. 
These features of the process mini- 







CRUCIBLE 


Ge LIQUID 


Fia. 4-1 Schematic diagram of the 
process for making germanium single 
crystals of single and mixed types. 


mize the effects of the extreme sen- 
sitivity of solidifying germanium to 
these environmental factors and 


tend to prevent deterioration of the 
perfection of the crystalline germanium by twinning, contamination, and 
thermal treatment. The perfection of the crystals is reflected in measure- 
ments of the lifetime of holes and electrons in massive sections of a crystal, 
which show that the magnitude of the minority charge carrier lifetime { for 
germanium produced by this method is 10 to 100 times greater than for ger- 
manium produced by prior methods (i.e., 50 to 500 microseconds usually, 
as compared to less than 5 microseconds usually for polycrystalline ger- 
manium). 

Very essential parts of the germanium single-crystal process are the tech- 
niques employed to control the resistivity and conductivity type in the 
direction of crystal growth without damaging the lattice perfection of the 
germanium. For example, when a p-n junction is desired, this is accom- 
plished by the addition of a tiny impurity pellet of germanium-gallium 
alloy into the melt during the growth of an otherwise n-type germanium 
single crystal. { This is illustrated schematically in Fig. 4-1 by the pellet 
being added to the melt through a funnel. Since the mass of the melt is 
usually several thousand times that of the impurity pellet, the thermal effect 

“G, K. Teal and J, B, Little, Phys, Rev, Vol, 78 (1050) p, 647, 


{ William Shockley, Blectrons and Holes in Semiconductors, Van Noutrand, 
tG, KX, Teal, M, Sparks, and Ei, Buehler, Paya, Rev, Vol, 81 (1961) p, 687, 
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Fie. 4-2 Pulled germanium single crystal containing a p-n junction. 


of a properly added pellet is negligible, and the steady-state growth of the 
germanium crystal is not disturbed. Therefore, no deterioration in perfec- 
tion of the crystal arises from the doping technique. On the other hand, the 
amount of acceptor present in the pellet is quite sufficient to compensate 
for the several parts of donor in 10° parts of germanium and thus to cause 
the last portion of the crystal to be grown to have p-type conductivity. 
An approximately planar p-n junction is thus formed perpendicular to the 
crystal growth direction and between the p and n sections of the single 
crystal. The single crystal produced may appear very much as indicated 
in Wig. 4-2. A p-n junction made in this way is exceptional in that it has 
heen shown * that the junction characteristics agree with the properties 
calculated by theory f from the measured properties of the p and n sections. 
‘The junctions have important applications because of several exceptional 
circuit properties.{ The pellet addition technique is equally applicable to 
producing single-crystal p-n junctions in which the first section of the crys- 
(ul to be grown is either n-type or p-type. In the latter case, a pellet con- 
(uining a donor such as arsenic or antimony is used. The pellet technique 
oun be repeated, alternately and in sequence, doping the melt with donor 
und acceptor elements. In principle this enables one to produce a highly 
perfect single crystal in which there are several n-type and p-type sections 
in sequence with the p-n junctions essentially planar and parallel to each 
other, their separation being determined by the rate of crystal growth, the 
(ime between dropping of pellets, the dissolution time, and the rates of 
(diffusion and mixing of the impurities in the melt. For example, the proc- 
eam Cnables one to prepare n-p-n transistor structures § in a semiconductor 
material which, by virtue of its lattice perfection, is ideally suited to ob- 
(uining the desired device performance. Such a structure is indicated in 
lig, 4-3, in which the first and last sections of the crystal are n-type and 
“ve separated by a thin p-type section of the order of 1 mil in thickness. 


* lS, Goucher, G. L, Pearson, M. Sparks, G. K. Teal, and W. Shockley, P. 
Vol, 81 (1951) p. 638, ee eet ae 
1 W, Shockley, Bell System Tech. J. Vol. 28 (1949) pp. 485-589. 
i ul J, Pletenpol, Phys. Rev. Vol, 82 (1951) p. 120. 
The nepen structure was first suggested by W, Shockley and a theory of its ti 
Waa given in Bell System Tech, J. Vol, 28 (1949) pp. 485-489, “iia ames 
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This type of single crystal is made by doping the melt from which the 
n-type crystal is growing first with an acceptor and then with a donor. 
The agreement between theory and experiment and the exceptional device 
characteristics reported * for the n-p-n transistor were obtained for n-p-n 
structures made by the above process. 

The problem of controlling the conductivity of 
the germanium single crystal is a complex one that 
can be broken down into two parts: (1) establishing 
uniformity in planes perpendicular to the growth 
axis and (2) establishing uniform resistance or some 


a other desired resistivity as a function of distance 
by along the crystal growth axis, i.e., the shaping of 

|p | 0.00!" resistivity. The establishment of uniformity in 
Pat pt planes perpendicular to the growth axis then is a 


matter of obtaining liquid of uniform donor and 
acceptor concentration in contact with the crystal 
and uniformly parallel temperature gradients in 
the neighborhood of the liquid-solid interface with 
no marked radial differences. This is accomplished 
in the crystal-pulling machine, shown schematically 
in Fig. 4-4, by stirring the melt by fairly rapid 
rotation of the crystal around its growth axis and 
by simultaneous moderately high-speed vibration 
of the crystal along this axis. 

Uncontrolled variations in temperature of the crucible are minimized, 
since they cause corresponding uncontrolled variations in the diameter of 
the crystal and rate of growth and are accompanied by correlated changes 
of donor and acceptor concentrations in the crystal, of resistivity, and of 
carrier lifetime. The effective distribution coefficient 


Fie. 4-3 Germanium 
single crystal containing 
constant resistivity re- 
gions and an n-p-n tran- 
sistor structure. 


k cone. impurity in solid 
ff om es, Sy 
? cone. impurity in liquid 


depends on the growth rate. If the equilibrium distribution coefficient is 
less than unity, then increasing the growth rate increases the rate at which 
impurity atoms are incorporated into the crystal. If the equilibrium dis- 
tribution coefficient is greater than unity, increasing the growth rate de- 
creases the rate of incorporation of impurities. Controlled change of dis- 
tribution coefficients by changing the growth rate during the growth of a 
crystal is very usefully employed in the single-crystal process as a means 
of “hand tailoring” the resistivity along the crystal growth axis. An im- 
portant use of the technique is in compensating for the increase in im- 
purity concentration in the melt as the crystal grows and the melt volume 
decreases. By this means sizable volumes of germanium of uniform resis- 
tivity can be made. Germanium single crystals are grown with sizable 


”"'W. Shockley, M. Sparks, and G, K, Teal, Phys, Rev, Vol, 88 (1951) pp, 151-162; 
R. L. Wallace and W, J, Pietenpol, Proc, Jnat, Radio Hngra, Vol, 80 (1051) pp, 7538-767; 
Bell Syatem Teoh, J, Vol, 80 (1951) pp, 680-568, 
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Kia. 4-4 Schematic diagram of the germanium crystal-pulling machine. 


portions of uniform resistivity by automatic programing of crucible tem- 
perature and pulling rate. 

Another important use of the technique is the production of n-p-n tran- 
vistor structures. If a crystal is pulled from a melt containing both donors 
and acceptors in properly chosen ratio, the conductivity type of the crystal 
will depend on the growth rate. By producing rapid changes in growth 
rate, “rate-grown”’ transistor structures can be fabricated. * 

The dependence of distribution coefficients on growth rate is related to 
4 pile-up layer of excess impurities which occurs next to the growing crys- 
(al, For most impurities the distribution coefficients are less than 1; that 
in, the crystal will not accept as large a concentration of impurity atoms as 
exists in the liquid next to the growing solid face. Effective distribution 
woofficients can be increased in two ways: by increasing the crystal growing 
rate and by decreasing the stirring. The stirring can be decreased by re- 
ducing the rate of rotation of the crystal; however, if the rotation rate be- 
comes too low, the result will be a coring of the impurities in the single 


*RN, Hall, J. Phys. Chem. Vol, 57 (1953) p. 836; H. B, Bridgers, J. Appl. Phys. 


Vol 27 (1050) p. 746, 
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crystal. Some of these effects are strikingly evident in radio autographs of 
cross sections of crystals grown under various conditions with radioactive 
donors and acceptors. A better understanding of the effect of the stirring 
obtained by rotating the crystal, of the roles of crystal growth rates, and 
of distribution coefficients of various impurity atoms has resulted from the 
theoretical considerations of Burton, Prim, and Slichter, and from the ex- 
perimental studies which are discussed in Chapters 5 and 6. 

With the aid of the doping techniques described, it is possible in principle 
to grow a great variety of crystals to suit device characteristics and the 
economics arising from the relative quantities of materials of different quali- 
ties required. Thus in Fig. 4-3 two constant resistivity regions (p; and pg) 
are indicated in addition to the n-p-n structure to show what is possible in 
principle. 

In addition to shaping the resistivity along the crystal growth axis, it is 
possible to produce some shaping of the p-n barrier by controlling the rate 
of addition of impurity. By this means junctions are made * which will 
show breakdown at potentials as low as 8 volts or as high as 2500 volts. 

Success in growing crystals to meet the demands of many jobs for n, 
p, n-p, or n-p-n structures covering a wide range of resistivities and resis- 
tivity combinations requires that careful attention be given to a great 
variety of factors. In Chapter 7 W. W. Bradley describes in considerable 
detail the equipment and experimental techniques usually employed and 
the measurements of crystal properties needed to check the preparation. 

The growth of n-p-n structures requires that additional attention be given 
to the apparatus and techniques employed. Studies of the significant vari- 
ables in the growing of n-p-n structures showed that rapid melting, solution, 
and mixing of the added impurity, and close control of temperature are 
essential in the growth of uniform, thin layers between junctions. The 
development of adequate controls for the temperature by use of servo tech- 
niques and the work to test them, as well as the adequacy of the stirring 
methods employed, are discussed by J. C. Lozier in Chapter 8. 


4.44 GENERAL STATUS OF THE SINGLE-CRYSTAL WORK 


At the present time all germanium research is on single-crystal germa- 
nium, and all transistors are being made from germanium single-crystal 
material. The use of single-crystal material having a high degree of lattice 
perfection and compositional control has been the key factor in the im- 
provement made in the reproducibility and reliability of the point-contact 
transistor f as well as contributing very directly to the realization of the 
n-p-n transistor and several new p-n junction devices. The availability of 
uniform and reproducible single-crystal germanium has permitted the rec- 
ognition of correlations between the physical properties of the semiconduc- 
tor and the electrical properties of point-contact devices, and has thereby 
advanced the understanding of the mechanisms involved as well as. pro- 


" Loe, eit.; paper by G. KK. Teal, M. Sparks, and 12, Buehler in Proc, nat, Radio Engra. 
Vol, 40 (1952) pp, 006-009, 
{ J, A, Morton, Hell Syatem Teoh, J, Vol, 81 (1062) pp, dibedda, 
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Chapter 5 


THE DISTRIBUTION OF 
SOLUTE ELEMENTS: 
STEADY-STATE GROWTH 


5.1. INTRODUCTION 


The previous chapters have emphasized the importance of controlling 
the concentration and spatial distribution of small traces of chemical ele- 
ments in the germanium crystals used for transistor devices. This chapter 
und the one to follow give a discussion of some of the factors influencing 
the distribution of solute elements in crystals grown from a melt.* 

The concentration of a solute element in a crystal is usually different 
from its concentration in the melt from which the crystal was grown. The 
rutio of Cs (the concentration in the solid phase) to Cy (the concentra- 
tion in the liquid phase) is called the effective distribution coefficient. If 
the crystal is grown very slowly, so that equilibrium between the solid and 
liquid phases is maintained, the distribution coefficient will have an equi- 
librium value, k, characteristic of the solute and solvent. However, if the 
vrystal is grown at an appreciable rate, a non-equilibrium situation exists, 
#0 that the concentration of solute in the crystal depends on the details of 
the crystal growth conditions. If these conditions fluctuate with time, cor- 
responding fluctuations in solute concentration will result. 

‘The reasons for this are illustrated in Fig. 5-1, which gives a qualitative 
picture of the solute concentration in the vicinity of the solid-liquid inter- 
face for both equilibrium and non-equilibrium conditions of crystal growth. 
At equilibrium, the concentration in the liquid is uniform, as shown in Fig. 
hel(a), and the ratio Cs/C; has an equilibrium value, k, which in this 
example is less than 1. When the crystal grows at a finite rate, solute 
lends to be rejected by the crystal, so that a concentration gradient is pro- 
duced in the liquid in the vicinity of the growing interface, as shown in 
Wig. 5-1(b). The magnitude of this concentration gradient depends on k, 
on the diffusion coefficient of the solute in the liquid, and also on the growth 





_ * This chapter was written in 1952 and has not been revised since then. Some papers 
touching on more recent work in this field are includedin Volume I, 
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rate and the fluid flow due to stirring or convection. If the growth rate 
fluctuates as a result of variations in the temperature of the melt, for exam- 
ple, or if the fluid flow pattern changes because of convection currents, then 
C, (the concentration at the solid-liquid interface) and Cs will vary with 
time so that a serious non-uniformity of solute concentration in the crystal 
may result, as shown in Fig. 5-1(c). 

A knowledge of the distribution coefficients for various solute elements 
and an understanding of the way these are influenced by crystal growth 
conditions are important in almost all the processes used in preparing tran- 
sistor materials from molten germanium. In this chapter, some experi- 
mental measurements of the distribution coefficients between liquid and 
solid germanium will be described for conditions approaching those illus- 
trated in Fig. 5-1(a). This is followed by a calculation of the concentration 
gradients developed in the liquid, as charted in Fig. 5-1(b), when a crystal 
is grown (or melted) at a finite rate. Finally, some experimental observa- 
tions and calculations dealing with fluctuations and transients, Fig. 5-1(c), 
will be given in Chapter 6, together with a qualitative description of the 
thermal situation in the vicinity of the growing crystal and its influence 
on the instantaneous growth velocity. 
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Fia. 5-1 Solute concentration near a solid-liquid interface for different conditions 
of crystal growth, 
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ia, 5-2 Relation between the distribution coefficient and the phase diagram. 


h,.2. EQUILIBRIUM DISTRIBUTION COEFFICIENTS 


5.2.1 Paase Dracrams. The relationship between the distribution co- 
oflicient and the equilibrium phase diagram is illustrated in Fig. 5-2. A 
achematic phase diagram for some representative germanium alloy system 
in shown on the right of the figure. (The Al-Ge and Sb-Ge systems have 
phase diagrams qualitatively like this.) The concentration range of interest 
for most solute elements in the germanium crystals required for semicon- 
dluctor devices is of the order of 1 part per billion to 1 part per million. 
‘This portion of the phase diagram, very near the melting point of pure 
ormanium, is shown on the left of Fig. 5-2. At each temperature the 
“liquidus” curve gives the composition of the liquid phase in equilibrium 
with the solid phase, which has a composition shown by the “‘solidus” curve. 

At these small concentrations, the laws of dilute solutions usually apply, 
and the liquidus and solidus lines are very nearly straight. Therefore, the 
ratio of the concentration in the solid, C's, to that in the liquid, Cz, is inde- 
pendent of concentration as long as the concentration is sufficiently small. 
At higher concentrations, when the liquid and solid solutions are no longer 
(ruly dilute, the liquidus and solidus lines are curved, so that Cs/C, depends 
on concentration. 

‘The phase diagrams of binary germanium alloys with many of the ele- 
ments of interest have been determined by Klemm and his co-workers.* 
‘lhoir phase diagrams for the Al-Ge, Ga-Ge, In-Ge, and Tl-Ge systems are 

* (Al, Sn, Si) Klemm and Stohr, Z. anorg. wu. allgem. Chem. Vol. 241 (1989) p. 305; 


(As, Sb, Bi) Klemm and Stohr, ibid, Vol. 244 (1940) p, 205; (Ga, In, T1]) Klemm et al., 
iid, Vol, 256 (1948) p, 239. 
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Fig. 5-3 Phase diagrams for the Al-Ge, Ga-Ge, In-Ge, and Tl-Ge systems. (After 
Klemm eéé al.) 


given in Fig. 5-3, and for the As-Ge, Sb-Ge, Bi-Ge, and Sn-Ge systems in 
Fig. 5-4. 

Phase diagrams for the Te-Ge, Cu-Ge, Ag-Ge, Au-Ge, Pb-Ge, and Si-Ge 
systems have also been determined.* Ge-P alloys and the compound GeP 
have been studied by Zumbusch, Heimbrecht, and Biltz.t 

Thus there is a considerable collection of information on germanium alloy 
systems. However, this work has been done for concentrations of the order 
of 1 per cent or greater. Since the solid solubility of these elements in ger- 
manium is limited, there is little information on the solidus curves for ger- 
manium-rich solid solutions. Klemm has set limits on the solid solubility 
of Al, As, Sb, and Bi in germanium near the eutectic temperature. The 
estimated values of Cg/Cz thus obtained for large concentrations will be 
compared with those measured here at small concentrations in Sec. 5.2.3, 

In general, however, there may be large departures from dilute solution 
behavior for these solid solutions at concentrations of the order of 1 per 
cent. Hence it is desirable to measure the distribution coefficient, Cs/Cy, 
for the concentrations, temperatures, and crystal growth conditions actually 
used in preparing germanium for semiconductor applications, ‘The experi- 


4 Heo M, Hansen, Der Aufbau der Zweistoflegierungen, Berlin, 10386, 
{ Zumbuach et al, Z, anorg, u. allgem, Chem, Vol, 242 (1080) p, 287, 
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mental procedures used to obtain this information are described in the fol- 
lowing section. 


§.2.2 EXPERIMENTAL PRoceDURE. Since the concentration range of 
ureatest interest is the region below 1 ppm, ordinary methods of chemical 
analysis are usually too insensitive for a direct chemical determination of 
(he concentration in the solid germanium phase. By using radioactive 
(racers, however, these small concentrations can be measured conveniently 
for any element having a radioactive isotope with a suitably long half-life 
and a sufficiently high specific activity. Such measurements have been 
made with the following radioactive isotopes: * (60 d. Sb1*), (26.8 h. As”), 
(14.3 h. Ga??), (14.3 d. P?), (48 d. In'"*), (2.7 d. Au’), and (225 d. Ag!!®), 

‘The concentration of conventional donor or acceptor elements in solid 
wormanium can also be determined from electrical conductivity measure- 
ments combined with a knowledge of the electron and hole mobilities, as 
illustrated in Fig. 5-5. This method is convenient for most Group III-A 
and Group V-A elements, but is particularly valuable for elements like 
boron and aluminum which have no long half-life radioactive isotopes. 


* These isotopes were obtained from Oak Ridge National Laboratory on allocation 
from the Isotopes Division, U. 8, Atomic Wnergy Commission, 
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Both of these methods have been used to measure the distribution’ coeffi- 
cients of solute elements between liquid and solid germanium. This has 
been done with single crystals prepared by the method of Teal and Little * 
as described in Chapters 4 and 7, and also with the polycrystalline ingots 
described in Chapter 1. 

The experimental procedure used for measuring distribution coefficients 
with radioactive tracers is as follows: A known quantity of tracer element 
is added to the melt from which a crystal or ingot is grown. The completed 
crystal is then cut into slices f parallel to the solid-liquid interface as indi- 
cated in Fig. 5-5. The relative concentration of tracer element along the 
crystal is then determined by measuring the radioactivity of each slice with 
a Geiger counter. The absolute concentration of tracer element can be ob- 
tained by comparison with known standards, if the proper corrections are 
made for differences in self-absorption of the radiation in the slice of ger- 
manium and in the standard. 

To avoid the necessity for such self-absorption corrections the following 
procedure is used. Several of the germanium slices are selected and ground 
to a fine powder in an agate mortar. Standards are then prepared by add- 
ing a known volume of a standard solution of the tracer element to inactive 
germanium powder. This is dried and ground in an agate mortar in the 
same way. Equal weights of the standard and the unknown germanium 
powders are then compared in identical counting geometries. The absolute 
concentration of tracer element in each slice is thus determined from the 
relative counts on the slices, and the ratio of the counts from the standard 
and unknown germanium powders. 


GERMANIUM CRYSTAL OR_ INGOT METHODS USED TO MEASURE 
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Fia. 5-5 Methods used to measure distribution coefficients. 





"GQ. K, Teal and J. B, Little, Phys, Rev, Vol. 78 (1950) p. 647. 

t In many cases the crystal was cut into more complicated geometries than this to 
provide specimens for electrical measurements and radionutographa, In principle, how= 
over, the distribution coefficient waa determined av deseribed here, 
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I'1a. 5-6 Experimental measurements of the distribution coefficient of radioactive 
antimony between liquid and solid germanium. 


With this information, the effective distribution coefficient, Cs/C1, can 
be determined for any region of the crystal. For example, consider the 
shaded portion of the crystal illustrated in Fig. 5-5. The concentration in 
the solid, Cg, for this slice is given directly by the tracer measurements. 
When this slice solidified, the portion of the crystal enclosed in the bracket 
was still liquid. The concentration in the liquid, Cz, can be obtained either 
by summing up the measured number of atoms of tracer element in all the 
slices which were still liquid, or by subtracting the total quantity in the 
upper slices which were solid from the original quantity added to the melt 
(assuming none was lost by evaporation or other causes) and dividing by 
(he number of germanium atoms in the liquid.* This process can be re- 
peated for each slice so that an experimental measurement of k = Cs/Czr 
in obtained all along the crystal. 

This procedure is based on the assumption that diffusion in the solid is 
negligible. For the distance scales, times, and temperatures used, this is 
probably a good assumption for the elements reported on here. Diffusion 
in the liquid must. be complete if true equilibrium is to be attained. The 
requirements on growth rate and stirring for this equilibrium to be fulfilled 
aro discussed in detail in Sec. 5.3. 

lig. 5-6 shows the results obtained for a typical experiment with a ger- 
manium single crystal, grown at a rate of 1 mil per sec, which contained 


* If both Cg and Cy are expressed either on an atomic or a weight basis, then Cs/C, 
does not involve the density of liquid germanium. This procedure was followed here. 
However, if Cy and Cy are measured on a volume basis, then the ratio of the density 
of liquid germanium to that of solid germanium enters in the distribution coefficient, 


78 PREPARATION OF SINGLE CRYSTALS 


NOMINAL GROWTH RATE IN MILS PER SECOND 


0.33 O01 0.55 3.3 


0.14 
0.12 
0.10 
0.08 
0.06 


0.04 


— THEORY 
0.02 © EXPERIMENT 


DISTRIBUTION COEFFICIENT C3/ Ce 





° 
° 0.2 0.4 0.6 08 10 
FRACTION SOLIDIFIED 
Fia. 5-7 The effect of crystal growth rate on the distribution coefficient of radio- 
active arsenic between liquid and solid germanium. The line is calcu- 
lated from Fig. 5-18, and the points are experimental measurements. 


6.7 X 10-8 antimony atoms per germanium atom (3 X 10!> Sb atoms per 
cm?®) in the first part to solidify. The minor fluctuations in the measured 
values of Cs/Cz, may be due either to experimental error or to variations 
in growth rate. The large increase in C's/Cz, in the last part to solidify may 
be caused by a large increase in growth rate when the volume of the melt 
became small. ; 

Fig. 5-7 illustrates the effect of growth rate on C's/Cz, for a germanium 
crystal containing 9 X 10~7 arsenic atoms per germanium atom (4 X 101° 
As atoms per cm?) in the first part to solidify. The circled points were 
measured with tracers by the method just described, and the line is calcu- 
lated from the theory in Sec. 5.3. This shows that for a growth rate less 
than 0.5 mil per sec, no large variations in C's/Cz are either found experi- 
mentally or expected from the theory for a vigorously stirred melt. 

The experimentally measured distribution coefficients for a number of 
other elements will be summarized in Sec. 5.2.3. First, however, some 
points should be mentioned concerning the determination of concentration, 
and hence Cg/Cz, from electrical conductivity (or Hall effect) measure- 
ments using the relationship 


oT = Nun + pep (5-1) 
where n = concentration of electrons, 
p = concentration of holes, 
dy» ™ mobility of electrons, 
fy @ mobility of holes, 
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The conductivity, o, can be measured accurately, but there may be some 
uncertainty as to the correct value of mobility to use in this equation, par- 
ticularly for samples with low resistivity. Shockley * has discussed the dif- 
ferences between Hall, drift, and conductivity mobilities. G. L. Pearson 
has found that the Hall mobility decreases markedly with increasing con- 
centration for both n-type and p-type samples. The experimental situa- 
tion for hole and electron mobilities, first described by Pearson, is shown 
in Fig. 5-8, which summarizes drift mobility measurements by J. R. Haynes, 
Hall mobility measurements by G. L. Pearson, and tracer measurements 
of the conductivity mobility by J. D. Struthers. The scatter of the experi- 
mental data is indicated in the figure. Since more than a hundred individual 
measurements were made, the experimental points are omitted for sim- 
plicity. 

The Hall and tracer measurements were made on the same single-crystal 
samples, which were prepared at a time when striated impurity distribu- 
tions (see Chapter 6) were still commonly found in crystals pulled from 
the melt. These striations undoubtedly had some effect on the scatter of 
the experimental data, and possibly on the shapes of these curves. For 
the p-type samples, which were doped with radioactive gallium, all three 
methods are in agreement within experimental error. For the n-type sam- 
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I'1a, 5-8 Experimental values of electron mobility, in, and hole mobility, up, for 
germanium. (Drift mobility measurements by J. R. Haynes; Hall 
mobility measurements by G. L. Pearson; radioactive tracer measure- 
ments of conductivity mobility by J. D. Struthers.) 





* W, Shockley, Llectrons and Holes in Semiconductors, p, 336, 
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ples, which include Hall and tracer measurements on both phosphorus- and 
antimony-doped crystals (and also a few tracer measurements on arsenic- 
doped crystals) the Hall mobility is lower than that obtained by the other 
methods. * 


10 


RADIUS. APPROX 
(PAULING) Cs/Cr 
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10-3 Au. 1.50 3x05 
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10-8 zn 1.31 0.01 
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Fig. 5-9 Experimental values of the distribution coefficients of solute elements 
between liquid and solid germanium. 


5.2.3 EXPERIMENTAL Resuuts. Fig. 5-9 gives a summary of the dis- 
tribution coefficients, Cs/CL, obtained for a number of solute elements using 
one or both of the methods described above. The value given here for boron 
(distribution coefficient greater than one) is based on work by R. N. Hall, f 
and also by W. G. Pfann.t{ 

It is interesting that Cs/Cy covers such a wide range for the different 
elements, and that there is a fairly consistent relationship between Cs/Cr 
and the tetrahedral covalent radius § of the solute atoms for the elements 
studied so far. Some dependence on atomic radius is to be expected, since 
the germanium crystal lattice will be highly distorted by the larger solute 





* More recently P. P. Debye has measured the Hall mobility as a function of resistiv- 
ity for a series of carefully prepared, homogeneous-n-type germanium single crystals. 
His mobility values at low resistivities are slightly higher than the pr (Hall) curve in 
Fig. 5-8. For resistivities greater than 1 ohm-cm, Debye’s Hall mobility values agree 
with Haynes’ drift mobility measurements within experimental error. 

+R. N. Hall, Phys. Rev. Vol. 78 (1950) p, 645. 

t Unpublished results. 

§ 1, Pauling, Nature of the Chemical Bond, Cornell University Press, Ithaca, N. Va 
1045, p, 170, 
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atoms, and hence these tend to remain in the liquid phase. However, 
other factors, such as the number of valence electrons and their electronic 
configuration, should also play a role, and may produce large deviations 
from a simple dependence of C's/C', on atomic radius. 

Group III-A and V-A elements are believed to substitute for germanium 
atoms in the diamond-type germanium crystal lattice with tetrahedral co- 
valent bonds. Hence, the tetrahedral covalent radius of these atoms should 
be a better measure of atomic size than the molar volume of the element, 
or the metallic radius. It is not known whether silver and gold enter the 
germanium crystal substitutionally or interstitially. The measured values 
of Cs/Cz for these elements, however, seem to depend on tetrahedral radius 
in much the same way as for the Group III-A and V-A elements. 

Table 5-1 gives a comparison of some Cs/Cz values in Fig. 5-9 with those 
computed from a linear extrapolation of the solid solubility measurements 
near the eutectic temperature for aluminum, arsenic, antimony, and bis- 
muth in germanium by Klemm and Stohr.* Column 1 gives Klemm and 
Stohr’s solid solubility data. Column 2 was obtained from their liquidus 
curves near the M.P. of pure germanium and from the very crude assump- 
tion that the solidus curves are straight lines. Column 3 gives our experi- 
mental values for aluminum, arsenic, and antimony. The value, <107%, 
for bismuth, based partly on experiments by Theuerer, show that Cs/Cz, 
for bismuth is yery small, and partly on the tetrahedral covalent radius of 
bismuth (1.46 A), which is slightly greater than that for indium, 


TABLE 5-1 EFFECTIVE DISTRIBUTION COEFFICIENT FOR 
SOME COMPOSITIONS 





(1) (2) (3) 
Solid Solubility Cs/Cz, Linear Cs/CL 
Composition Atom % Extrapolation of from 
(Klemm and Stohr) Phase Diagram Fig. 5-9 
Al in Ge <4 <0.04 0.1 
As in Ge 3 0.06 0.06 
Sb in Ge 2.5 0.02 0.005 
Bi in Ge <2 <0.01 (<10-) 


Taken at face value, the values for Cs/Cz, in the table indicate that the 
solidus curves may be concave upward for antimony, and possibly for bis- 
muth, roughly straight for arsenic, and concave downward for aluminum. 
‘hese curvatures are probably not unusual, since such solid solutions usu- 
ally show large departures from ideality. 

I should be emphasized that the values for Cs/Cz, given in Fig. 5-9 are 
only approximate ones, and that in practice sizable departures from the 





*Klomm and Stohr, Z. anorg, u. allgem, Chem, Vol. 241 (1939) p. 805; Klemm and 
Miele, dbid, Vol, 244 (1040) p, 205, 
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true equilibrium distribution coefficients are possible. They are represen- 
tative, however, of experimental values of Cs/Cz which are likely to be 
observed for crystals or ingots grown at a slow rate by the methods used 
here. Many of these measurements were made on crystals grown at 1 or 
2 mils per sec before the full significance of growth rate and stirring on 
Cs/C was well understood. Where possible, such measurements have 
been corrected to zero growth rate conditions using the theory of Sec. 5.3 
and experiments like those illustrated in Fig. 5-7. Thus, the values given 
in Fig. 5-9 are our best estimates at present of Cs/Cz for equilibrium con- 
ditions. In general, the experimental uncertainties are of the order of a 
factor of 2 and are due to recognized possible sources of error. 

The values for gallium and antimony are based on many experiments 
under a variety of conditions and are probably the most reliable. The 
values for arsenic and phosphorus may be too high because of evaporation 
from the melt while the crystal was grown. This error is less than a factor 
of 2 for arsenic, but possibly more for phosphorus. The values for alumi- 
num, indium, silver, and gold are based on only a few experiments and are 
probably the least reliable. 


5.3 STEADY-STATE CONCENTRATION FOR 
A FINITE GROWTH RATE 


5.3.1 Inrropuction. In this section a method will be described for 
calculating the concentration gradient of a solute element in the liquid 
phase near a crystal which is growing or melting at a finite rate. The basic 
principles are the same as those given by Nernst * in his theory of the 
kinetics of heterogeneous reactions. The situation is also quite analogous 
to certain problems in heat flow,f and to the flow of electrons and holes 
governed by the continuity equation.{ In fact, the remainder of this chap- 
ter is primarily concerned with the continuity equation for the atoms of a 
solute element at a solid-liquid junction. 

As illustrated in Fig. 5-1(b), a concentration gradient is formed in the 
liquid near a growing crystal if the distribution coefficient, k, between liquid 
and solid is different from unity. For k < 1, as it is for most solute ele- 
ments in germanium, the solute tends to be rejected by the growing crystal. 
Therefore, the concentration in the liquid at the solid-liquid interface, Co, 
increases until the flow of solute away from the interface (by diffusion, 
fluid transport, and incorporation in the crystal) equals the flow of solute 
carried to the interface by the liquid which is solidifying. The calculations 
given later show that in the complete absence of any fluid flow in the 
liquid, this steady state would be reached when C, had increased so that 
Cs = Cy. However, a liquid melt in contact with a cooled crystal is rarely 
so quiescent. There will usually be some fluid motion, due either to thermal 
convection currents, which can vary in an uncontrolled manner, or to some 
controlled type of stirring. 

“W, Nernst, Z. physik. Chem. Vol, 47 (1904) p, 52. 

{+ Carslaw and Jaoger, Conduction of Heat in Solids, Oxford University Press, New 


York, 1947, 
{ William Shockley, Hleetrona and Molen in Semiconductors, Chaptor 12, 
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Wia, 5-10 Schematic illustration of fluid flow in a melt near a crystal interface. 


lor any type of fluid flow in the melt, however, the fluid velocity will 
pproach zero at the solid-liquid interface, except for the flow normal to 
(he interface due to crystal growth. Fig. 5-10 illustrates in highly schematic 
lushion how the fluid velocity might depend on distance from the interface 
for laminar or turbulent flow in the melt. In either case, there will be a 
region very near the interface where the flow is laminar and where the fluid 
velocity is so small (<V,) that diffusion is the primary means of transport- 
ing the excess solute away from the growing crystal. Beyond this region 
of thickness, 6, transport by fluid motion is the dominant process, and the 
pete concentration approaches Cz, the concentration in the bulk of the 

quid. 

As will be shown later, 6 ranges from 10~* cm, for vigorous stirring, to 
perhaps as much as a millimeter for very slow stirring. It depends on the 
(liffusion coefficient of the solute, the viscosity of the liquid, and the fluid 
flow conditions, but only very slightly on the crystal growth rate. 

‘lhe continuity equation which expresses the conservation of solute atoms 
in the following: 


aC 
ee De) (5-2) 
where C = concentration of solute, 


vector fluid velocity, 
diffusion coefficient of solute. 


D 


‘This relationship can be derived by a procedure exactly analogous to that 
wed by Shockley for holes or electrons * and will not be ‘repeated here. 
In principle, (5-2) can be solved to give the three-dimensional concentration 
(istribution when the fluid velocity, V, and the boundary conditions are 
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known. Such solutions are necessary for calculating the radial concentra- 
tion gradients in a crystal and their dependence on the fluid flow condi- 
tions. However, for many practical cases the concentration is more or less 
uniform parallel to the solid-liquid interface, so simple one-dimensional 
solutions are useful. These are treated in the following sections. 


5.3.2 SEMIQUANTITATIVE THEORY. Consider such a case where the 
concentration in the y-z plane parallel to the growing interface is sufficiently 
uniform so that the terms V,(@C/dy), V.(@C/dz), D(d?C/dy”), and 
D(0?C/dz”) can be neglected. Let the coordinate system be fixed with re- 
spect to the solid-liquid interface which is located at « = 0, with the posi- 
tive x direction extending into the liquid phase. Then the continuity 
equation in one dimension is 


aC . aC ix 0°C ig 

ot ” ax Ox (o) 
since V-V = 0 for an incompressible fluid. It is assumed also that D is 
constant, at least within the laminar flow region near the interface. This 
assumption will be discussed later. 

As discussed above, the fluid motion is usually such that beyond a dis- 
tance, 6, from the growing interface the solute concentration approaches a 
constant value, C,, because of mixing; while for distances less than 6 the 
fluid velocity component normal to the surface approaches that due to 
crystal growth, f. Hence, for this situation, which is illustrated in Fig. 5-11, 


—V,=f forz <6 (5-4) 
C=C, forzx > 6 (5-5) 


where the sign of f is chosen positive for crystal growth and negative for 
melting. Then, for x < 6, the continuity equation is 


°C ac AC 


at _—=— 5-6 
ox? dx ot (5-6) 
or for a steady state 
fae (5-7) 
dx? dx ; 
with the boundary conditions 
dC 
Col = Cal DP atz =0 (5-8) 
x 
and 
C=C, atv = 6 from (5-5) 


The boundary condition (5-8) arises because the sum of the fluxes of solute 
atoms to and from the interface must be zero, If diffusion in the solid is 
important, then an additional term, = Dy(dC/dx)s, should be included, As 
will be seen later in Chapter 6, this term is important in the analogous heat 
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"1a. 5-11 Concentration of a solute element near a solid-liquid interface. The 
solid line is the actual concentration, and the dashed line is the approxi- 
mate concentration, assuming a diffusion layer of thickness 6. 


flow problem, but for the moment it will be neglected in dealing with solute 


atoms. 
The solutions of (5-7) with these boundary conditions are 


dC f 
— == (Cys — C,)e* 
iz D (Cs Je (5-9) 
C — Cg ‘gigs 
———_ = & 5-10 
OG, — Cs (5-10) 
where 
X =fr/D and A=fi/D (5-11) 
The concentration in the liquid at the interface, x = 0, is given by 
C, — Cg 2 
———— =e 5-12 
OC, — Cs (5-12) 


The extent to which (5-10) gives C versus x correctly is illustrated quali- 
tutively in Fig. 5-11. Suppose the solid line from C, to Cz is the true con- 
ventration distribution for some particular set of growth conditions. By 
choosing 6 properly, (5-12) can be forced to give the correct value of C). 
(In fact, this is the real definition of 5.) When this is done, dC/dz at x = 0 
ia ulao correct because the other fluid velocities are truly small compared to 
the growth velocity very near the interface. Hence, (5-10) is correct near 
w = 0, if 6 is chosen properly, but departs from the true curve near x = 6 
aa shown by the dashed line in the figure. 

The above equations apply for either crystal growth or melting, and for 
('y either larger or smaller than C;. Equation (5-12) shows that when f is 
very small, Cy * Cz, for either slow melting or slow freezing. Therefore 
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very slow alternate melting and freezing due to temperature fluctuations 
should not result in corresponding fluctuations in solute concentration. 
For the case of crystal growth, an additional relationship exists between 
Cg and C,: 
Cs 


—=k 5-13 
C, (5-13) 


where k is the equilibrium distribution coefficient. It is possible that the 
ratio Cg/C, depends on growth rate, but for simplicity it will be assumed 
here that this is not the case. With this assumption, the effective distribu- 
tion coefficient, Cs/Cz, from (5-12) is 


Cs k 


— = ———_S 5-14 
Ch k+(—ke4 one) 
and the fractional departure from equilibrium is 
C.-C 1—k)1i-—e“ 
o L = ( )¢ ) (5-15) 


Cl 3=60k+(1—kem 


Figs. 5-12 and 5-13 give plots of these last two equations versus A = f6/D, 
for various values of the equilibrium distribution coefficient, k. These re- 
lationships are quite useful for predicting the effect of growth rate on the 


GROWTH RATE IN MILS PER SECOND 
FOR 6/D = 100 SEC/CM 





Fia. 5-12 Dependence of the effective distribution coefficient on the normalized — 


growth velocity, /6/D, for several values of equilibrium distribution 
coefficient, h, 
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Wig, 5-13 Percentage departure from the equilibrium distribution coefficient as 
a function of normalized growth velocity, f6/D. 


distribution of a solute element in a crystal, even for cases where the details 
of the fluid flow conditions in the melt are not known. As will be shown 
later, 5/D depends only slightly on the growth rate, f. Therefore, it can be 
inousured using these relationships by experimentally determining Cg/Cy, in 
vrystals grown at different known growth rates, but with the same condi- 
(ions of stirring in the melt. Such measurements, which are described in 
Moo, 5.5, and were also illustrated in Fig. 5-7, show that 6/D for a crystal 
roluted at 60 rpm is of the order of 100 sec per cm. This has been used 
(0 give the growth rate scale at the top of Figs. 5-12 and 5-13. 

Also, these equations have been used to calculate the proper growth rate 


mhedule to compensate for the increase in Cz as the melt volume decreases 
a0 that Cg can be maintained at a constant value. A more detailed discus- 
sion of this application of (5-14) and (5-15) is given in Sec. 5.6. 

If the fluid flow conditions are known, 6 can be calculated. Then by 
determining 6/D experimentally as described above, the effective value of 
the diffusion coefficient, D, can be measured. In the following section, such 


a daloulation of 6 will be outlined for a rotating crystal. 


5.3.8 Anauysis ror A Roratina Crystau. The growing interface of 
# rotating erystal pulled f rom a melt by the Teal-Little method (Chapter 4) 
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Fig. 5-14 Solid lines: Radial fluid velocity in a germanium melt near a rotating 
crystal interface. (Based on Cochran’s analysis for a plane disk.) 
Dashed lines: Radial fluid velocity at the boundary of the diffusion 
layer, x = 6, for several values of the diffusion coefficient, D. 


is approximately a plane disk. The fluid flow pattern produced by an in- 
finite plane disk rotating in a liquid has been calculated by Cochran. * 

Dimensions of the usual crystals and crucibles are of the order of centi- 
meters, while the thickness, 6, of the diffusion layer in which we are inter- 
ested is only about 10~? em. Therefore, Cochran’s analysis for an infinite 
disk should give a reasonable first approximation for the fluid flow near 
the central region of the growing interface of an actual crystal. 

Cochran has shown that the rotating disk acts like a centrifugal fan, 
drawing fluid up from the body of the liquid and spinning it out radially 
and tangentially as it approaches the disk. He has also shown that the 
fluid velocity normal to the disk, W, is independent of radial distance from 
the axis of rotation. Figs. 5-14 and 5-15 show the radial and normal fluid 
velocities calculated from Cochran’s tables for different speeds of rotation, 
assuming a kinematic viscosity of 0.0025 cgs units for liquid germanium. 

Because W is independent of radius, and because the experimentally ob- 
served radial concentration gradients are usually quite small for a rapidly 


"W. G, Cochran, Proc. Cambridge Phil, Soe, Vol, 80 (1084) p, 865, Tho application 
of Cochran's analysis to this problom was suggested by R, GC, Prim, 
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Wig, 5-15 Solid lines: Normal fluid velocity in a germanium melt near a rotating 
crystal interface. (Based on Cochran’s analysis for a plane disk.) 
Dashed lines: Normal fluid velocity at the boundary of the diffusion 
layer, x = 6, for several values of the diffusion coefficient, D. 


roluting erystal, Cochran’s fluid flow analysis can be used in the one-dimen- 


sional continuity equation given earlier, 
aC aC a°C 
aoe Ye DD from (5-3) 
ot Ox Ox 


l\y assuming that the fluid velocities normal to the surface due to rotation 
(W) and to crystal growth (f) are additive, one obtains 


-V.=f+W (5-16) 


‘hon, for a steady state, the differential equations and boundary conditions 





i‘ 20 dC 
p++ W)— =0 (5-17) 
C-> CL asx — © (5-18) 
(Cy — Caf + D - 00% atm O (5-8) 
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This problem can be solved numerically using Cochran’s tabulated values 
of W. However, for the small values of x of interest here, a good approxi- 
mation for W is 


w”? 


2 
W = 0.510; x forx < Vv/w (5-19) 
v 
where w is the angular velocity of rotation, and » is the kinematic viscosity 
of the liquid. 
The following solution is then obtained * for the concentration at the 
interface, C,: 


Co — CL a 
a -{ exp (—X — BX*)dX (5-20) 
Co = Cs 0 
where 
0.510w*2D? 21) 
7 3f?v% ; 
The corresponding expression for C, from (5-9) is. 
Co — CL 2 
— -f e~dX =1—e“ (5-22) 
Co = Cs 0 


where X = fx/D and A = f6/D. 
Hence A can be evaluated for this case of a rotating crystal by integrat 
ing (5-20) numerically for various values of B and defining A such that 


1—e“ -{ exp (—X — BX*)dX (5-23) 
0 


When this is done, A is found to be given by 
Ba’ = AB (5-24 


where A is a function of A which varies only very slightly with A and is 
plotted in Fig. 5-16. To a good approximation A = 0.890 — 0.060A (for 
—1<A< +1). In fact, for most purposes it is sufficiently accurate to 
consider A as a constant for ordinary crystal growth conditions where 
A <1. 

From (5-24) the following expression is obtained for the thickness 6, of 
the diffusion layer: 





6 = 180AD%p%w—% (5-25) 
This may also be written 
5)(W 
( . ) _ 34s (3A = 2 for small A) (5-26) 


where W; is the normal component of fluid velocity due to rotation, at a 
distance 6 from the surface. The dashed straight lines in Fig, 5-15 show 


“Strictly speaking, the integration may not be carried beyond a = VJ, but prac. 
tically the matter is unimportant, since with the physical constants of the present process 


there is virtually no contribution to the integral fore > Vv/w. 
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Fig. 5-16 The factor A in the equation 6 = 1.80 AD%y w—%, 


this relationship between 6 and W; for several values of D. The intersec- 
(ion of one of these dashed lines with one of the normal velocity curves 
wives the values of 6 and W; corresponding to the particular values of the 
diffusion coefficient and speed of rotation. Similarly the relationship be- 
tween 6 and the radial velocity at 
« = 6 is given by the dashed lines 10 
in Wig. 5-14. A= 6 INDEPENDENT OF f° 

‘The curves shown in these fig- 
ures are useful as an aid in visual- 
\ving how 6 is related to the fluid £ 
flow and to the angular velocity of 
orystal rotation. Fig. 5-15 shows 
(hut the approximation in (5-19), 
(W proportional to 2°), is justified 
for D <3 > 107*. For larger val- 
ion of D, however, this would not 
hw true and Cochran’s tabulated 
values of W would be required. 

It is seen from (5-25), then, that $5 Le U 
if the growth rate is small enough, fp 
/i/D varies linearly with f and var 
with w 7, The influence of f Fie. 5-17. Dependence of f6/D 
tipon f6/D may also be seen in upon growth rate and rotation rate. 
Ile, 5-17, This graph is altogether 
equivalent to Fig. 5-16 and (5-25). The values of f6/D come from numeri- 
wal evaluation of the integral in (5-23). The constant, P, follows from 
(h25), with A taken to be small: P = 1,60D'y'*, It is seen, again, that 
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one may consider that f6/D varies linearly with f for f6/D <1. The 
graph also permits one to predict at once the change in f6/D resulting from 
a change in w, even when f5/D is large. The dependence of f6/D upon 
growth conditions as illustrated in Fig. 5-17 will be applied to some prac- 
tical applications discussed in Secs. 5.4 and 5.6. 

The expression for 6 given in (5-25) can be used to calculate 6/D if the 
effective diffusion coefficient of the solute atoms in the laminar flow region 
near the surface of the growing crystal is known. If D is not known, then 
6/D can be obtained experimentally from measurements of Cs/C, as a func- 
tion of growth rate, f, and the effective diffusion coefficient, D, may then 
be calculated with (5-25). The relationship between 6/D and the speed of 
rotation of the crystal obtained from this equation is plotted in Fig. 5-18, 
assuming the kinematic viscosity, v, for liquid germanium to be 0.0025 cgs 
units, which is about the same as for other liquid metals. However, since 
v enters as the one-sixth power, its precise value does not affect 6/D very 
strongly. 

As will be shown in Sec. 5.5, measured values of 6/D are of the order of 
100 sec per cm for a speed of rotation of 60 rpm. As can be seen in Fig. 
5-18, this corresponds to an effective diffusion coefficient, D, of approxi- 
mately 10~* cm? per sec which is of the same order, or perhaps a little 
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lia, 5-18 Relation between 6/D and speed of crystal rotation for several values 
of the diffusion coefficient, D, 
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higher, than that observed in quiescent liquids. It is encouraging that the 
theory outlined above, which includes many assumptions, does agree this 
well with experiment. Some of these assumptions will be discussed in the 
following section. 


5.3.4 Discussion or Assumptions. It has been assumed in all the 
solutions of (5-3) that the diffusion coefficient D of solute atoms in the 
liquid is a constant in the region of thickness, 6, very near the interface 
where laminar flow predominates. It may be worth while to consider 
whether this is always the case, and whether the diffusion coefficient in a 
flowing liquid is the same as that in a quiescent liquid. 

As has been discussed by Frenkel,* the activation energies, e, for diffusion 
in liquids are usually quite small, and also D, is much the same for different 
solutes and solvents. Therefore, the diffusion coefficient, 


D = D,e~t!*? (5-27) 


does not depend very strongly on the nature of the solvent or the solute, 
or on temperature. Table 5-2 summarizes some representative values in 
(he literature } for diffusion coefficients in quiescent liquids. 


TABLE 5-2 REPRESENTATIVE DIFFUSION COEFFICIENTS 





Solvent Solute ee ates 

Bi Au 500 5.2 x 10% 
Hg Cd 25 1.9 x 10-5 
Pb Au 490 3.5 X 10% 
Sn Au 500 5.4 x 10% 
Sn Pb 500 3.7 X 10% 
Al Cu 900 14.0 x 10-5 
Al Mn 900 5.5 X 10% 
H,O C.H;0H 15 1.0 x 10-5 
CCh I, 20 1.36 X 105 
H.O I, 20 1.15 & 10-5 





‘Thus, one might expect the diffusion coefficients of solute elements in 
ulescent liquid germanium to be much the same for different elements, 
and of the order of 1075 to 10~* em? per sec. From the analysis in Sec. 
4.5 of measurements of Cs/Cr, as a function of growth rate and speed of 
rotation of the erystal, D is found to be about 10~* cm? per sec for gallium 
and arsenic in the flowing liquid germanium at the crystal interface. 

However, it may not be safe to assume that the diffusion coefficient 
measured in this way is necessarily the same as that in quiescent liquid 


® Frenkel, Kinetic Theory of Liquids, Oxford University Press, New York, 1946. 
| Mmithella, Metal Reference Book, Interscience Publishing Company, New York, 1949; 
/aternational Critical Tables, MeGraw-Hill Book Company, New York, 1929, 
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Fie. 5-19 Schematic illustration of a possible effect of turbulent mixing on the 
diffusion coefficient, near a crystal interface. 


germanium. There may also be an effective diffusion due to mixing if the 
melt is stirred so vigorously that turbulence is produced in the main body 
of the liquid. For example, consider the case illustrated schematically in 
Fig. 5-19, where the effective diffusion coefficient due to mixing in the tur- 
bulent flow region of the melt is many orders of magnitude higher than 
that for a quiescent liquid. Suppose the fluid flow is essentially laminar 
within a distance, 8, from the interface. Then one may question whether 
the diffusion produced by turbulent mixing decreases very rapidly as shown 
by Curve a or somewhat less rapidly as shown by Curve b. In the latter 
case it would be incorrect to assume D to be constant and equal to D for 
a quiescent liquid. 

In the illustration above, the mixing is certainly more violent than that 
ordinarily encountered with a rotating crystal, where the fluid flow is usu- 
ally essentially laminar throughout the melt. However, there may be some 
partial turbulence due to forced crystal vibrations, surface irregularities, 
or other reasons. Suppose this partial turbulence results in random dis- 
placements, dv, and random fluctuations in velocity, dv, of the fluid par- 
ticles. There will then be a diffusion coefficient, Dr, due to turbulent mix- 
ing, which is of the order of * 


Dr = Y4(dx) (dv) (5-28) 


* Frenkel, Kinetic Theory of Liquids; 8, Goldstein, Nd., Modern Developments in Fluid 
Dynamics, Oxford University Press, New York, 1088, 
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As an example, for a crystal rotating at 60 rpm, the combined radial and 
tangential flow velocities are of the order of 3 cm per sec, at a distance 
v= 6+ 107? cm. Thus, if the random components, dz and dv, are about 
10 per cent of x and v, a diffusion coefficient Dr = 10~* cm? per sec will 
result, which is comparable with that observed. However, if the turbulent 
components are only 1 per cent, Dr will probably be negligible compared 
with the ordinary diffusion coefficient in the quiescent liquid. At present 
it is not known whether this effect is appreciable or not, but experiments 
with different conditions of vibration or stirring may answer the question. 

The assumption that the kinematic viscosity of liquid germanium is 
(0.0025 egs units is based on a comparison with the viscosity for other 
metals,* as shown in Table 5-3. Even though this estimate may be incof- 
rect by a factor of 2, the effect on 6, calculated from (5-25) or Fig. 5-17, 
will be only about 20 per cent since » enters as the one-sixth power. In 
I'igs. 5-14 and 5-15, however, v occurs as the square root in both the dis- 
(ance and the velocity coordinates, so these curves are more sensitive to 
the proper choice of » for liquid germanium. 


TABLE 5-3 VISCOSITY OF VARIOUS LIQUID METALS 





Viscosity * Kinematic Viscosity 





Liquid Temp., Density * 2 
Metal in °C e p yo ho 
poises p sec 

Lead 441 0.0212 10.5 0.00202 
Ondmium 349 0.0144 7.94 0.00181 
Copper 1145 0.0341 8.22 0.00414 
Mercury 0 0.0168 13.60 0.00123 
‘Tin 301 0.0168 6.99 0.00240 
Zine 280 0.0168 6.48 0.00259 
Bismuth 285 0.0161 10.0 0.00161 


— 


* Handbook of Chemistry and Physics, 1940. 


Many assumptions concerning the fluid flow near the crystal interface 
lwve been made in the preceding sections. The one-dimensional calcula- 
(ions made so far are probably justified for rapidly rotated crystals where 
radial concentration gradients and edge effects are observed to be small 
experimentally. When this is not the case, a more detailed analysis is ob- 
viously required. The use of Cochran’s calculations for an infinite disk 
and liquid to give the fluid flow of actual melts and crystals may be only 
approximately correct—particularly when the melt is rather shallow. In 
(lin case, as pointed out by R. C. Prim, the analysis by G.K. Batchelor, f 
which considers the fluid flow between two parallel rotating disks, may be 

* Handbook of Chemistry and Physics, 1940, 

- 1G, KK, Batehelor, Quart, J, Mech, Appl. Math, Vol, 4 (1951) pp. 29-41, 
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a better approximation. The assumption in (5-16) that the fluid flows due 
to rotation and to crystal growth are additive, is believed to be qualita- 
tively satisfactory, based on some preliminary calculations by J. A. Lewis. 


5.4 SOLUTE DISTRIBUTION IN THE CRYSTAL 


The preceding discussion has dealt with the steady-state concentration 
of solute at the crystal-liquid interface. During the course of crystalliza- 
tion, a steady state may be said to prevail when concentration equilibrium 
is obtained within 6 in a time which is short compared with the time in 
which the bulk concentration, Cz, is appreciably altered by the crystal 
growth. One may then apply the steady-state analysis to a study of the 
impurity distribution throughout the crystal. 


5.4.1 DisTRIBUTION AS A FUNCTION OF FRACTION SOLIDIFIED. The equi- 
librium distribution coefficient, k, has been defined as the ratio C;/C., and 
it has been shown in See. 5.3.2 that when the growth rate is finite, one may 
describe an effective distribution coefficient, 

Cg 
kets = ——? >k (5-29) 
Cr 
Let the initial volume of the melt be unity, and let S be the amount of 
solute in the liquid when a fraction x of the melt has solidified. If the area 
of the solid-liquid interface is A, then the freezing of a layer of thickness 
dl transfers a quantity CsAdl of impurity to the crystal. But since Adl = 
dX 
| C. = (5-30) 
a ade 
The quantity of solute in the boundary region 6 is small, so if steady-state 
conditions prevail during growth, 





Gate ae (5-31) 
eT hes Kett 
From this, x 
ne Shale 2) (5-32) 


So 


where S, is the initial quantity of solute in the melt and ker is constant 
throughout the crystallization. But since the initial volume is unity, S, = 
Cw is the initial concentration of solute in the melt. Hence 

Cs = kertCu(l — X)*ett—1 (5-33) 
From See. 5.3.2, 


k 
kett = a’ G=k+(1— ke“? (5-34) 


Equation (5-33) is graphed in Fig, 5-20, Tor a given solvent and solute 
(kh <1), Kory decronses with /6/D, The slower the growth rate, f, over the 
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Ila, 5-20 Variation of solute concentration in the solid with fraction of the sol- 
vent solidified, as a function of the effective distribution coefficient. 


wourse of crystallization, the greater the amount of solute in the last por- 
tion of the solvent to freeze. 


5.4.2 PuriFICcATION BY FRACTIONAL CRYSTALLIZATION. If the final por- 
tion of the completed crystal is removed, and the crystal is melted and re- 
wrown, the average impurity concentration of the second growth will be 
lows than that of the first. Specifically, let a fraction y of the first solid be 
rejected by removal of the last portion to freeze. Then, considering the 
volume to have been unity before cropping, it follows that the quantity of 
solute in the retained portion is 


Xx, 
ny a f (1 — X)*etr—1ax (5-35) 
0 


= Cy(1 — y*ett). kere constant 


where X; =1-—y. But S’ is the quantity of solute in the new crystal, of 
which the volume is 1 — y, and the mean concentration is Cy. Thus the 
factor by which the purity is improved by the recrystallization is 
C'u = 1— yh ett 
R= — = ——— (5-36) 
Cu Leg 


in principle one may attain any degree of purity by a number of successive 
roorystallizations of this nature. Clearly, the factor R is enhanced, for a 
uwiven . by using a slow enough growth rate that Kor is not very different 


from k, 
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5.5 DEPENDENCE OF DISTRIBUTION COEFFICIENT UPON 
GROWTH CONDITIONS 
5.5.1 INFLUENCE oF GrowtTH Rare. In the analysis of Sec. 5.3.2, it was 
shown that under steady-state conditions the enhancement of solute con- 
centration just in advance of the growing crystal is given by 


Co- Cyr AC | (1 — k)(1 — e¥/?) 


a gg ae hc 5-37) 
Cr CL k+(a- k)eF5/D ( 
or C 1 
a a Gs k + (1 — kye#8/P (5-38) 
L 


Furthermore, in Sec. 5.3.3 the variation of f5/D with f and w was examined, 
and it was found in particular that f6/D should vary linearly with f and 
with w~” if f is small enough (f5/D <1). It is desirable to verify the 
foregoing analysis experimentally. Then, in order that the analysis may 
be applied to practical problems, it is necessary to fix the value of fé/D 
experimentally for a given set of growth conditions. 

The influence of growth rate may be tested in the following manner. Let 
a crystal be grown initially at a rate f;, and then let the rate be abruptly 
increased to fo for the rest of the solidification. If steady-state conditions 
prevail throughout, except perhaps during the transition in f, the concen- 
trations Cg; and Cg which are present in the crystal adjacent to the transi- 
tion region are related by 


G 
Csa _ Cra Gr (5-30) 
Csi Ge Cr 
Or since Cz will not change much during the period of transition, 
G 
Ga (5-40) 
Csi Gg ‘ 


With the common donor or acceptor impurities, this concentration ratio 
may be found by measurement of resistivity.* If f,; is small enough, 
G, = 1, and Gz may be determined immediately from the resistivity meas- 
urements. Then 
AC 1 
a) a Me a ; (5-41) 
Cr Ge 
where AC(f2) = C, — Cz for f = fe. Similarly, knowing G2, one may find 
G3 from another crystal grown at rates fo and fs. Then 


AC(fs) _ Gi Ge 








=——-1l (5-42) 
CL Ge G3 
* The use of resistivity to indicate the concentration of donor or acceptor impurities 
is subject to the uncertainty of the dependence of current-carrier mobility upon re- 


sistivity (cf, Sec. 5.2), As may be seen from Fig, 5-8, there is a range of resistivity for 
which the mobility of current carriers is nearly constant, The present experiments 
were confined to this range of resistivity, 
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with the ratio G2/G3 again being determined from resistivity measurements. 
Thus, although it is difficult to grow a crystal successfully if the ratio 
Ii/(fi + 1) is too large, one may nevertheless examine a wide range of 
AC(fn)/Cx by the use of a series of crystals. 

From one of the values of concentration enhancement, say AC(f2)/C_, 
the corresponding (f6/D): may be calculated from (5-37). Then assuming 
that 6 is independent of f, one may find (f6/D)3, (f6/D)a, ---, (f6/D)n 
from the ratios f3/fo, fa/fo, ---, fn/fo. The values of AC(f,)/Czr are then 
graphed against the corresponding values (f6/D)n, and these points are 
compared with the theoretical curve, obtained from (5-37). Although it 
is the growth rate, f, which appears in all the foregoing analysis, the pull 
rate * is the quantity which is measured directly. In determining f, one 
recalls that when the area of the solid-liquid interface is constant, f exceeds 
the pull rate by the speed with which the level of the melt is lowered during 
crystallization. A transient situation prevails if the area of the interface 
is changing. It is difficult, if not impossible, to determine f in such a case. 
‘hus, for the present experiments it is necessary to keep the crystal diam- 
oler uniform for a reasonable interval before and after the transition in f, 
and to account for the difference between pull rate and growth rate. 

It develops that one can find a convenient growth rate f; which is small 
enough that the transition to 2f; during crystallization produces no dis- 
wornible change in Cg. Thus one can realize in practice the condition 
(/, = 1. This condition obtains, for example, when a growth rate of 
§ & 10~* cm per sec is used, with a crystal 1.3 cm in diameter rotating at 
(0 rpm. 

A series of crystals were grown at each of several rotation rates, using a 
pair of growth rates in each crystal as outlined above. The foregoing 
inothod was applied to the determination of AC(f,)/Cz and (f6/D),. This 
procedure invites cumulative errors in the calculated values of f6/D. It is 
(losirable, therefore, to make additional checks using other speed ratios, 
u., Si/fs, to the extent that these larger transitions can be realized while 
keeping the crystal diameter uniform. Such checks have been made and 
have yielded satisfactory agreement with the other values. 

I'ig. 5-21 exhibits the experimental points determined by these methods, 
obtained from crystals in which the principal solute was arsenic. The 
(theoretical curve from (5-37) is plotted taking the distribution coefficient 
to be 0.06 (Fig. 5-9). The agreement between theory and experiment is 
quite good. This agreement may also be regarded as added evidence for 
(he correctness of this value of & for arsenic, but it should be pointed out 
(hat (5-87) is not very sensitive to k if both k and f6/D are small. 

I'ig. 5-21 permits an estimate of 6/D, a term important in the specifica- 
(ion of growth conditions (cf. Sees. 5.4 and 5.6). For arsenic in germanium, 
6/D = 85 sec em, at a rotation rate of 60 rpm and a growth rate of 
1,0 & 107% em per sec or less, with a crystal diameter of about 1.4 cm.t 


* Tho pull rate is the speed with which the crystal seed is lifted (cf. Chapters 4 and 7). 

| More recent studies with crystals of larger diameter have yielded values of about 
YAO neo om for 6/D at 6O rpm. ‘The effects of the size of crystal and crucible are being 
Investigated further, 
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Fig. 5-21 (C. — Cz)/Cz as a function f5/D; a comparison of experiment with the 
theoretical curve. 


The dependence of f6/D upon f may be examined directly by growing a 
series of crystals each at a different rate f throughout and all at the same 
rotation rate. It is necessary that Cy be determined in advance and that 
the impurity be non-volatile. C's is then measured as a function of fraction 
solidified in each crystal, and f6/D is calculated for each f by use of (5-33) 
and (5-34). 

The method has been applied to the study of gallium as a solute, using 
germanium which first was highly purified by the molten-zone technique 
followed by fractional recrystallization (Sec. 5.4.2). Cy was determined 
for each crystal by adding to the initial melt a pellet containing a known 
amount of gallium, as established by J. D. Struthers using tracer tech- 
niques. Cs was determined from resistivity measurements.* The values 
of f6/D calculated from the experiments were found to vary directly with 
f, to within the experimental error of about 20 per cent. The ratio 6/D for 
gallium in germanium was found to be 60 sec cm at a rotation rate of 60 
rpm and a growth rate of 3 X 107% em per sec or less. 


5.5.2 INFLUENCE oF Rotation Rate. Qualitatively, one would expect 
f6/D to vary inversely with crystal rotation rate, w, since the extent, 5, of 
the diffusion-dominated region should be decreased by increased vigor of 
stirring. This behavior is displayed by the experimental points of Fig. 
5-21. The variation of f6/D with a change in w was examined quantita- 
tively in Sec. 5.3.3. For fé/D < 1, it was found that f6/D varies linearly 
with w~”%. The experimental points of Fig. 5-21, corresponding to 20, 60, 
and 150 rpm, are given in Table 5-4. Also shown are the values for 20 
and 150 rpm calculated from the values at 60 rpm, assuming /6/D to vary 
with wo” at a given f. 


" Of, See, 6.2.2 for the restrictions upon such mensurements, 
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TABLE 5-4 EFFECT OF ROTATION RATE 





f6/D, 20 rpm f6/D, 150 rpm 





f6/D, 60 rpm 
cm/sec X 108 Experimental 
Expt. Cale. Expt. Cale. 
2.5 0.38 0.40 0.23 0.14 0.15 
5 0.78 0.86 0.50 0.31 0.32 
11 1.6 1.7 1.0 0.70 0.63 


It is seen that there is good agreement between the experimental values 
of /6/D and those calculated on the basis of the analysis in Sec. 5.3.3. 
Properly, for f6/D > 1 the more detailed analysis involving the contribu- 
tion of f to 6 should be invoked. But such a refinement is not warranted 
with the degree of accuracy available in the present experiments. Thus for 
(he values of f6/D commonly encountered in practice it suffices to consider 
that when f is constant, 6/D changes as w ”. 


),6 UNIFORM DISTRIBUTION OF SOLUTE 


5.6.1 PrincrpLes. It has been shown that when freezing proceeds at a 
vonstant rate, the solute is non-uniformly distributed in the solid. In gen- 
oral, the concentration increases markedly in the direction of freezing (cf. 
I'ig, 5-20). For many practical applications, however, it is desired that 
(he solute concentration be nearly uniform over a large part of the solid. 
With germanium, for example, it is often useful to have uniform resistivity. 

lor a given fraction of crystal grown, the greater the rate of freezing, 
(he greater is the concentration of solute brought into solid solution. By 
varying the growth rate during the course of crystallization, one should in 
principle be able to produce uniform concentration over extended regions 
of the crystal. This technique was first investigated by G. K. Teal and 
I), Buehler. For the early stages of crystallization, let a high growth rate 
lw used, The amount of impurity frozen into the solid will be enhanced, 
wompared with the concentration obtainable at reduced speeds. Then, as 
(he accumulation of solute in the melt tends to increase the concentration 
in the solid still more, the growth rate is progressively decreased. By a 
wultable program of deceleration of growth rate, uniform solute concentra- 
(ion is in principle obtainable over an extended region of the crystal. 


5,6,.2 CALCULATION oF ReQqurreD Growtn Conpirions. If the original 
volume of the melt is V, the quantity of solute initially present is CyV, 
where Cy, is the mean concentration of solute. Then when a fraction X 
of the melt has frozen, the quantity of solute in the liquid is C;(1 — X)V 
(disregarding the small amount in the boundary layer next to the erystal), 
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Since C's is made to be constant, the amount of solute in the solid is 
XVCg = XVkC,. Therefore 


CL(1 — X) + kC.X = Cu (5-43) 

or C C 
L M 
—— (bX) ke 

C, ql + G 


o 


Or, from (5-38), 
Cu 
Gd — X) + kx = oe 


o 


G=k+(1—he (5-44) 





But since Cg is being kept constant, C,, also is constant. Therefore, Ciy/ Cs 
does not change, and indeed is equal to G;, the value of G for X = 0. Thus 


Ga — X) + kX =G; (5-45) 


The maximum extent of uniform solid is obtained when fé/D has been 
progressively decreased to zero, that is, when G has become unity. If at 
this point the fraction of melt which has been solidified is X,, it follows 
from (5-45) that 

G;=1-(1-—k)X, (5-46) 
Then for uniform concentration in the interval 0 < X < X,, G must vary 


with X in the following manner: 
x 1— X,+ k(X, — X) (5-47) 
1-—xX 


Upon substituting the expression for G, there results an equation specifying 
the value of f6/D which must be used for each X in the interval 0 < X < 
X>, in order that Cs may be constant: 


1— X, 





ib (5-48) 
pak 
or 
heck 
eas ( ) (5-49) 
D 1— X, 


The initial value of f5/D required to yield a fraction X, of solid displaying 
uniform resistivity is given by 


G)- Gx) 50 


Conversely, the maximum yield of uniform material resulting from the use 
of an initial value, (/6/D)j, is 


X, = 1 — e7W/Dn (5-51) 





Tho considerations of Secs, 5.3.3 and 5.5 show that the yield of uniform- 
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concentration material in a crystal will be enhanced by using the largest 
practical growth rate initially, and the slowest practical rotation rate 
throughout the growth. 

Fig. 5-22 shows the variation of f6/D with X stipulated by (5-48), for 
several values of X,. Although the growth program does not depend ex- 
plicitly upon the solute being used, the ratio 6/D nevertheless depends upon 
the solvent-solute system. * 

Equation (5-48), then, defines the 
growth conditions for uniform solute 
concentration. The value of the con- 
stant concentration, Cg, is set by fixing 
the original concentration in the melt, 
( 'M : 

CsG; 


Cu = 
k 





(5-52) 


where Cg is the value desired for the 
solid in the interval 0 < X < X,. 


5.6.3 VARIATION OF GRowTH Rater 
As A Function or Time. The requi- 
ile variation of f6/D can in principle 
be achieved by either a controlled re- 
duction in growth rate or a controlled 
increase in rotation rate. The former 
method is more convenient with the ye : 
Apparatus described in Chapter 4, 4. 5-22 Variation of f6/D with 
With the mechanism now in use, the eee solidified, to produce uni- 

ms te d orm concentration in fraction Xo 
vontrolled variation of pull rate is a af the solid. 
function of time. Accordingly it is 
vessary to express (5-48) in terms of elapsed time, ¢, instead of fraction 
solidified, X. 
If /() is the growth rate at time ¢, the elementary fraction of solvent 





FRACTION SOLIDIFIED, X 


solidified during the time interval dt is 
A 
X = —f(é)dt (5-53) 
V 
whore V is the volume of the melt when the control program is started, 
wid where A is the cross-sectional area of the crystal at the freezing face. 
Hoth for practical utilization of the material and also for convenience 


ii the present analysis, it is desirable that A be held constant for 
° $XS Xo, 


* Typloal values of 6/D for arsenic and gallium in germanium are given in See. 5.5, 1, at 
the foot of page 00, Use of Mig. 5-18 permits extension to other oxperimental conditions, 
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From (5-48), the following expression results: 
6 
dX = — = (1 — X.)e/*/Paf (5-54) 


5/D being considered essentially constant with change inf. Upon equating 
(5-53) and (5-54), and rearranging, one obtains 


Se x, aa (5-55) 
v5.0 oh 


where A = f6/D. 
Upon integrating (5-55), there results an expression for the elapsed time, 
t, at which a given value of A must be used: 


OD se ie ( Ais Bare Bee eR Bese ) 
Ve et aS 2-2! 3-3! 





(5-56) 


where A = A; at t= 0. It is seen that A (= f6/D) can never reach zero 
in a finite time, as is evident from a consideration of the method. Prac- 
tically, however, the growth rate 


O38 can be reduced to a very small 

value in conformity with (5-56) in a 

\ reasonable time. In Fig. 5-23 is dis- 

0.6 played a graph of fé/D as a function 
£6 of ADt/V6, for the case X, = 0.5. 

3 For the practical application of 

| this method, it is necessary to 


specify 5/D and to select the value 

of A/V. In determining the pull 

seh rates to be used with the apparatus 
: described in Chapter 4, one must 
Puae remember that if A is constant, the 





growth rate, f, exceeds the pull rate 
° 0.5 1.0 5 by the speed with which the melt 
opt level is lowered during crystalliza- 
Fie. &-23 Variation of f8/D with tion. One must also observe that 
ADt/V6, to produce uniform solute V is the volume of the melt when 
concentration in the first half of the program starts (¢ = 0), at which 
the solid. point the cross-sectional area of the 
growing crystal must be A. There- 
fore the initial volume of the melt must exceed V by an amount sufficient 
to enlarge the seed to this area, A. One must also reckon with this ad- 
ditional material if there is to be a precise calculation of the amount of 
solute added to the melt initially, 
A specific example of the required variation of pull rate with time is 
given in Pig, 5-24, ‘The resistivity profile for a portion of a erystal grown 
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CRYSTAL ROTATION, 60 RPM 
Xo = 0.5 
D_ | ss 
Ve =2-0X10°3 Sect 


PULL RATE IN INCHES/SEC x 103 


°o 





ELAPSED TIME IN MINUTES DISTANCE FROM SEED IN INCHES 


Ita. 5-24 Example of the required Fia. 5-25 Example of the varia- 


variation of pull rate with time, for tion of resistivity with distance in 
uniform solute concentration in the a crystal grown with a programed 
first half of the solid. pull rate. 


according to this program is shown in Fig. 5-25.* The resistivity curve to 
the left of the programed region corresponds to that portion of the crystal 
grown before the desired area, A, was achieved. Good uniformity in the 
resistivity was obtained over most of the controlled portion. This uni- 
formity is to be contrasted with the sizable variation in Cs which results 
when a constant f is used throughout the crystallization (Fig. 5-20). 


5.6.4 VARIATION OF GROWTH RaTE As A FUNCTION oF FRAcTION SOLIDI- 
vinp. When the crystal growth rate is controlled on the basis of elapsed 
time, as described above, a large fraction of the crystal is grown during a 
relatively short time, and a sizable change in growth rate is introduced in 
(his interval. During the latter part of the program, the change in growth 
rate is small and little material is solidified. Consequently the accuracy of 
vontrol is poorest during the time when the greatest amount of material is 
being grown. 

As may be seen from Fig. 5-22, a schedule based upon X rather than 
upon ¢ would yield nearly the same accuracy of growth control throughout. 
l'urthermore, such a schedule eliminates the tedious calculations arising 
from the use of (5-56). 


SYMBOLS USED IN CHAPTER 5 


C concentration of solute 
Cr concentration of solute in the liquid phase 


m The ores A was 8.6 cm? and the volume V was 18 cm for the crystal graphed in 
i" "e t i % 
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concentration of solute in liquid at solid-liquid interface 
concentration of solute in the solid phase 
diffusion coefficient of solute atoms in liquid 
rate of crystal growth 

equilibrium distribution coefficient 

time 

thickness of diffusion layer 

f6/D 

mobility of electrons 

mobility of holes 

conductivity 

kinematic viscosity of the liquid 

angular velocity of rotation 
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Chapter 6 


THE DISTRIBUTION OF 
SOLUTE ELEMENTS: 
TRANSIENT CONDITIONS 


6.1 INTRODUCTION 


Chapter 5 has dealt with the distribution of solute elements in crystals 
Which are grown under equilibrium and steady-state conditions. Other 
considerations enter when concentration equilibrium is not attained in the 
houndary layer just ahead of the crystal, or when there is marked inhomo- 
xeneity in the bulk of the melt. These factors are particularly important 
in the growth of junction crystals. The present chapter considers effects 
due to fluctuations and transients. There is also an analysis of the heat 
flow during crystallization, and a discussion of some special problems in 
crystal growth. * 


(2. EFFECTS DUE TO FLUCTUATIONS AND TRANSIENTS 


6.2.1 TimE-DEPENDENT Sonutions. The previous chapter presented 
(he time-dependent one-dimensional continuity equation (5-6) and then 
examined the steady-state solutions of this equation. A description will 
now be given of some results obtained by R. C. Prim and J. A. Lewis for 
(he time-dependent case. These results enable one to estimate how rapidly 
(he concentration in the crystal responds to changes either in concentration 
in the melt or in the growth conditions. 

Prim has calculated the change in concentration at the interface, C,, as 
u function of time following a step-function change in the melt concentra- 
lion, Cy. His results for several values of A and k are given in Fig. 6-1, 
which shows (C — C;)/(C; — C;) as a function of the normalized time, 
(D/0*)t. Here, C is the concentration at the interface at time ¢. C; is 
(he initial concentration at the interface just before a step-function change 
in made in Cy at t = 0, and Cy; is the final concentration “at the interface 
alter a new steady state is again reached. 


* This chapter was written in 1952 and has not been revised since then, Some papers 
(ouching on more recent work in this field are included in Volume II, 
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Fig. 6-1 Concentration at a crystal interface as a function of time, following a 
step-function change in solute concentration in the melt. (R. C. Prim.) 


For a typical case of a crystal rotating at 60 rpm, 6°/D is about 1 sec, 
since 6/D + 100 sec/cm and 6 = 10-2 cm. Thus there is a time constant 
of the order of 1 sec for the passage of solute atoms through the diffusion 
layer, 6. This effect is of importance in determining the concentration gra- 
dients obtained in p-n junctions made by adding doping agents to the melt. 
It is also important for thin n-p-n junctions made in this way, as will be 
shown presently. 

J. A. Lewis has shown that this same time constant, 6°/D, enters in the 
concentration fluctuations produced by sinusoidal variations in the growth 
velocity, f. He has solved the one-dimensional time-dependent continuity 
equation for the case where A = 1 and the growth rate, /(Q), is 


SQ) = fol +e enin wt) (6-1) 
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The sinusoidal component is assumed to be small compared with the mean 
growth rate, f, (e<«1). Under these circumstances the concentration in 
the melt at the crystal interface varies between limits given approximately 
by 

Co(1 + eat) (6-2) 


Here at, the relative concentration fluctuation at the interface, is a quantity 
(<1) which depends on f,, k, and the frequency of fluctuation, w. This 
term at is shown in Fig. 6-2 as a function of the dimensionless angular fre- 
quency, \ = wé”/D, of the fluctuations in growth rate. At the top of the 
figure the frequency is given in cycles per second for the case where 67/D 
= 1sec. This graph and expression (6-2) show that the percentage fluc- 
{uation in the concentration at the interface is, at most, equal to the per- 
centage change in growth rate (assuming that A < 1). This concentration 
fluctuation decreases rather gradually in amplitude with increasing fre- 
quency. Presumably fluctuations in the thickness of the diffusion layer 
brought about by small periodic fluctuations in the fluid flow will give 
quite similar effects. 

Large changes in growth rate will be expected to produce large varia- 
(ions in the concentration of the freezing solvent. It is not possible to treat 
such cases by the foregoing perturbation method, but the effect can be 
estimated. If the change in f is of sufficient duration, a steady state will 
ensue, and the extent of the change in C's can be found from (5-40). Large 
but brief increases in growth rate will produce lesser variations in Cg. 

From Fig. 6-1 it is seen that when Cz, is changed abruptly, C, reaches 90 
per cent of its ultimate value in a time given by Dt/5°=1. Typically, 
(his time is of the order of a second. It is to be expected that the concen- 
(ration transient caused by an abrupt large change in f, rather than by a 
change in Cr, will be of comparable duration, since the mechanism for 


FREQUENCY IN CYCLES PER SEC FOR 62/D=1 SEC 
100 0.1 0.3 1.0 3.0 1o_. 
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Via, 2 Mluectuations in solute concentration caused by periodic fluctuations in 
growth rate, (J, A. Lewis.) vt 


110 PREPARATION OF SINGLE CRYSTALS 


attaining equilibrium is approximately the same however the transient is 
caused. 

Fig. 6-1 also shows that C, changes roughly in a linear manner with time, 
(0.1 < Dt/s? < ~1) following the change in Cz, ie., for a second or so 
following this change. Then one may estimate crudely the size of concen- 
tration changes due to large momentary fluctuations in f. For example, if 
f6/D increases from 1 to 1.5, C,/Cz will ultimately increase by about 50 
per cent, if k = 0.06 (cf. Fig. 5-21). As noted above, this ultimate value 
is approached in about a second. But if this increase in f5/D lasts half a 
second, C,/Cz, will increase by roughly 25 per cent during the interval, and 
will subside to its original value in a comparable interval. 

Phenomena like those described above can in principle result in a fine- 
grained inhomogeneity in solute concentration in an otherwise homogeneous 
crystal. It may be that some of the fine scale inhomogeneities observed in 
the vicinity of p-n junctions arise from effects of this sort. 


6.2.2 TRANSIENT PROBLEMS IN THE GROWTH OF JUNCTION CRYSTALS. 
The transient analysis of Sec. 6.2.1 implies some special problems in the 
case of n-p-n (or p-n-p) junctions. The alpha of a transistor made from 
such material is enhanced by causing the resistivity of the p-region to be 
quite high and the resistivity of one n-region, the emitter, to be very low.* 
It is also desirable that the p-region be thin, say only a few thousandths 
of an inch. Therefore when using the pellet-dropping method described in 
Chapter 4, one adds only a small quantity of acceptor material to the n-type 
melt at the halfway point of growth, and then a few seconds later one intro- 
duces a comparatively large amount of donor material to form the emitter 
region. Success in obtaining a p-region depends in part upon the transient 
behavior of the solute concentration. 

In the growth of junctions, the time constant 6°/D can be either harmful 
or beneficial, depending upon the circumstances. In some cases such a lag 
is undesirable, but it does have the following advantage: it provides a cer- 
tain time during which mixing of the solute pellet with the melt can take 
place. If this lag were not present, high-concentration streamers of fluid 
from the dissolving pellet could be incorporated in the crystal immediately, 
resulting in very non-uniform junctions. Such non-uniformity is probably 
present to some extent for the fluid-flow conditions now being used. 

Now assume that the distribution coefficient is about the same for both 
the donor and the acceptor impurities, as is indeed the case with the com- 
monly used substances arsenic and gallium. C,(A), the concentration of 
the acceptor impurity at the solid-liquid interface, will reach, say, 90 per 
cent of its ultimate value in an interval At after the addition of A. Buta 
like interval will apply to C,(D), the concentration of donor impurity, inas- 
much ask4 &kp. Suppose now that A is added at ¢; and that the massive 
quantity of D is added at ta. If (tg — t) is great enough, C,(A) will have 
an opportunity to predominate briefly before C,(D) becomes overwhelming, 
and a p-region will appear as indicated in Fig. 6-3(a). If (tz — t,) is not 
large enough, the very size of the donor increment will cause the acceptor 


“W, Shockley, M, Sparks,«and G. K, Tonal, Phya, Rev, Vol, 88 (1961) p, 161, 
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always to be the minority impurity, even though C,(A) may have reached 
nearly its ultimate value when C,(D) has begun to rise, Fig. 6-3(b). 
- It may be shown that when k4 & kp, it is required that (t, — t,) > ~At 
if a high-resistivity p-region is to be present at all. Suppose C,(D), is the 
donor concentration prior to pellet addition. Then let the amount of ac- 
et eee added at time ¢, be seatiey 
such that C,(A) = C,(D); at t + At ean 
(At being defined as above). The _ a 
growing crystal will then tend to be- 
come slightly p-type after ¢; + At. 
If the quantity of donor added in the 
second pellet is such that the ulti- 
mate values of C,(A) and C,(D)e 
stand in the ratio R, C,(D)z will have 
reached the level C,(D); in a small 
interval after é, roughly equal to RAt, 
and will vastly exceed C,(D), directly 
afterward. For the p-region to be 
present at all, C,(A) must predomi- 
nate at least briefly, and therefore it 
is necessary that (t2 — t;) > ~At. 
There is experimental evidence 
Which indicates that the considera- 
lions of the preceding paragraph may 
be important. It has been found that 
With (tg — t) = 6 sec, fewer than 25 
per cent of the crystals from a group 
of 89 contained p-regions. These re- 
sults were obtained under a variety Fic. 6-3 Solute concentration at 
of conditions, with the temperature the crystal interface during n~p-n 
both nominally constant and also doping: (a), successful p-region; 
changing during the time of pellet (b), Be Perego: 
addition. On the other hand, when the interval (¢, — ¢,) was increased to 
20 sec, a p-region was found in each of the 10 crystals grown. 





CONCENTRATION AT SOLID-LIQUID INTERFACE, Co 
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6.2.3 Propitems or Mevr Homogenetry. The distribution of impurities 
in the growing crystal is complicated, especially in the case of n-p-n or 
p-n-p junction crystals, by the inhomogeneities existing in the melt. It 
has been seen that the rotation of the crystal produces a stirring action in 
the melt. At the rotation rates commonly used, however, this action is not 
expecially vigorous. Turbulence is not expected on theoretical grounds (cf. 
Moc, 5.8.4), nor is there experimental evidence of its existence. Very likely 
(hore exist concentration gradients within the main body of the melt. For 
irystals of a single conductivity type this inhomogeneity arises from the 
rejection of impurities by the growing crystal. For such crystals, it usu- 
ally suffices to consider Cy, as uniform throughout the bulk of the melt. 

lor junction-type crystals, however, it is to be expected that the addi- 
Vion of pellets will lead to marked inhomogeneities, Experiment has shown 
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that when the pellets of acceptor and donor impurities are added to the 
melt through a single dispensing tube, the p-region, if present, usually varies 
in thickness across the crystal. The uniformity of the layer thickness is 
improved if a given species of impurity is added in four pellets dropped 
simultaneously through four equally-spaced dispensing tubes. 

Inadequacy of stirring will be expected not only to impair the uniformity 


of the p-region, but perhaps even to eliminate the layer altogether. That . 


is, inefficient stirring may tend in effect to lengthen the characteristic tran- 
sient interval, At, mentioned in Sec. 6.2.2. It is possible, then, that the 
approximate requirement (f2 — t,) > At will not be obeyed, and hence the 
acceptor material will be obliterated by the relatively huge amount of donor 
impurity. Experiments have been conducted on methods of stirring, to 
study the feasibility of improving the yield of successful n-p-n crystals. 
These investigations will be mentioned in Chapter 8. 

A related consideration is the matter of the time of solution of the pellets. 
Clearly this interval contributes to the effective transient time. A differ- 
ence in the time of solution between the two species of pellets would also 
affect the yield of crystals having suitable p-regions. There is as yet no 
evidence as to the size of the solution time, or its importance in the tran- 
sient problem. 


6.3 SOME SPECIAL PROBLEMS OF CRYSTAL GROWTH 


6.3.1 Tue LireriMe or CurrENT Carriers. Lifetime may be defined 
as the mean time that a minority current carrier present in excess of the 
equilibrium concentration (e.g., an injected hole in n-type material) exists 
before recombination with a majority current carrier. For certain applica- 
tions it is desirable that the lifetime be large. For example, in an n-p-n 
transistor, the alpha of the device is favored if the lifetime of holes in the 
emitter is large.* 

It has been found, both by theory t and by experiment, that lifetime 
increases with increasing resistivity. It is also known that for a given re- 
sistivity the lifetime is enhanced by an improvement in the chemical purity 
of the germanium. Purification of the material by the molten-zone tech- 
nique or the method of Sec. 5.4.2, followed by the addition of highly puri- 
fied donor or acceptor material if necessary to yield the desired resistivity, 
results in an improvement of the lifetime. 


6.3.2 THERMAL ConvERSION Durine CrystaL GrowrH. It is well 
known § that when specimens of n-type germanium are heated for reason- 
able intervals at temperatures greater than about 600°C, the material in- 
creases in resistivity or even becomes p-type. The thermal conversion can 
be reversed to restore the original resistivity by annealing at a temperature 

* Ibid. 

+ W. Shockley, unpublished Bell Telephone Laboratories communication, 1951. 

{ For example, germanium having a resistivity of 2.5 ohm-em and a lifetime of 800 


microseconds was purified by several fractional reerystallizations (Sec, 5.4.2) and was 
then restored to the original resistivity. The lifetime of the final crystal was 600 micro« 


seconds, 


§ HH, GC, Thouerer and J, H, Soaff, J, Metala Vol, 101 (1061) p. 50 (references), 








Chapter 6: DistTRIBUTION oF SOLUTE ELEMENTS: TRANSIENT CONDITIONS 113 


of about 500°C. Whereas the conversion to p-type material commonly 
requires only a few minutes, the annealing process requires a much greater 
time, particularly in the case of single-crystal material. 

It would appear, then, that the high temperatures used in the pulling 
process of Chapter 4 should result in extensive thermal conversion of n-type 
material. Moreover, one would expect this effect to be accentuated with 
low values of f. In practice, however, whatever the growth rate, there is 
no evidence of thermal conversion in germanium as a consequence of the 
high temperatures in the growth process, even when the donor concentra- 
tion is small. Separate evidence exists that thermal conversion is the direct 
consequence of contamination of the surface of material. Such contamina- 
tion is not a problem in the growing technique described in Chapter 4. 


(6.4 STRIATED CONCENTRATION DISTRIBUTIONS 


Several years ago, when germanium single crystals were first being made 
by the rod-pulling process of Teal and Little, serious large-scale inhomo- 
weneities in solute concentration were commonly found. As will be shown 
luter, these were caused by fluctuation in growth rate and 6, which resulted 
from inadequate stirring and temperature control. The improved tech- 
niques for controlling the temperature and fluid flow in the melt have al- 
most completely eliminated such large-scale inhomogeneities. However, 
it seems worth while to describe such inhomogeneities to emphasize the 
necessity for controlling the parameter A = f5/D. 

The first evidence for these inhomogeneities was from observed irregu- 
lurities in the chemical etching properties of polished crystal surfaces and 
vorresponding irregularities in the lifetime of injected carriers. Ladioauto- 
wraphs of germanium crystals containing radioactive solute elements gave 
detailed pictures of the variations in solute concentration. These radio- 
wutographs were made by cutting the crystal longitudinally along the direc- 
(ion of growth, and placing this flat ground surface in contact with a photo- 
wraphic film or plate. The radiations from the tracer element expose the 
photographic emulsion, producing a darkening which is approximately pro- 
portional to the concentration of tracer element in the crystal just above 
the film. Examples of such radioautographs are shown in Figs. 6-4, 6-5, 
(4, and 6-7. The dark regions correspond to high solute concentration. 
‘lhe last part of the crystal to solidify is shown at the bottom of the figures. 

l‘ig, 6-4 shows radioautographs of two germanium crystals and one ingot 
which were prepared with good temperature control and stirring, similar 
io that currently used. The crystal shown in Fig. 6-4(a) was grown at 2 
inils per see with both the crucible and the seed rotating at 120 rpm in 
upposite directions. Initially, the melt contained 0.3 mg of radioactive 
gallium; then three pellets of radioactive antimony (25 mg total) were 
added at the positions indicated by the arrows. A p-n junction was pro- 
iieed by the first antimony pellet. This figure shows that the solid-liquid 
interface is a flat plane for these growth conditions, and that the gallium 
and antimony concentrations are quite homogeneous except for normal 
acwregation, 
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(a) (b) (c) 


Fig. 6-4 Radioautographs of germanium crystals and an ingot prepared from 
well-stirred melts: (a2) germanium single crystal rotated at 120 rpm and 
grown from a melt to which three antimony pellets were added; (b) ger- 
manium ingot containing radioactive antimony; (c) twinned germanium 
crystal containing radioactive phosphorus and rotated at 60 rpm. 


Fig. 6-4(b) shows a radioautograph of a polycrystalline ingot containing 
radioactive antimony which was prepared by the method described in 
Chapter 1. In this case, the stirring is fairly vigorous because of electro- 
magnetic coupling between the r-f supply and the melt. No evidence of 
the polycrystalline structure is seen. The solid-liquid interface is roughly 
hyperbolic in shape, in agreement with the resistivity profile measured for 
such ingots. 

Fig. 6-4(c) shows a crystal containing radioactive phosphorus which was 
grown at 2 mils per sec with the seed rotating at 60 rpm. In this crystal, 
also, the solute concentration is seen to be quite uniform except for normal 
segregation. Note that this particular crystal had a twin crossing it diago- 
nally. In the original radioautograph, a distinct difference in darkening of 
the film (presumably due to a difference in phosphorus concentration) could 
be seen in the regions of different crystal orientation. Other examples of 
this effect are shown in (a) and (c) of Fig. 6-5. The reason for this change 
in solute concentration for different crystal orientations is not known. It 
may be due to a small dependence of k on crystal orientation, or to differ- 
ences in A = f6/D, or to some other cause, 

Fig. 6-5 shows the type of radioautograph obtained for germanium crys- 
tala grown from a poorly stirred melt, where the speed of rotation of the 
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seed is only 4 rpm and the fluid flow is probably largely due to uncontrolled 
convection currents. The crystal shown in (a) contained radioactive an- 
timony and was grown at 1.0 mil per sec; that shown in (b) had a radio- 
active gold pellet added as indicated by the arrow, and was grown at 1.5 
mils per sec; the crystal shown in (c) contained radioactive phosphorus and 
was grown at 2.0 mils per sec. ; 

In all three cases the original radioautographs show bands or striations 
of high and low solute concentration parallel to the solid-liquid interface, 
and spaced about 14 to 2 mm apart. Experiments with radioactive indium, 
antimony, silver, gold, phosphorus, arsenic, and gallium have shown that 
these striations occur in much the same way for the different solutes. This 
is to be expected since all of these elements have distribution coefficients 
of the order of 0.1 or less, and Fig. 5-13 shows that they should, therefore, 
respond to changes in f5/D in much the same way. 

The crystal shown in Fig. 6-5(c) has a high concentration ‘“‘core” of the 
solute element. This was a fairly common occurrence for crystals grown 
with these slow stirring conditions. The first third of this crystal was 
grown without vibrating the seed. During the last two-thirds of the growth, 
the seed was vibrated with a cam as described in Chapter 7. This vibration 
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Nia, G5 Radioautographs of germanium crystals prepared from poorly stirred 
melts (seed rotated at 4 rpm); (a) radioactive antimony added; (b) radio- 
active gold added;.(c) radioactive phosphorus added, 
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Fig. 6-6 Radioautographs of germanium crystals contaning radioactive antimony 
and prepared from poorly stirred melts: (a) striations due to rotation 
and to an on-off temperature-control system from a crystal grown at 
1.5 mils per second; (b) effect of rotation fo: a small-diameter crystal 
grown at 3 mils per second; (c) striations in a large-diameter crystal 
grown at 3 mils per second. 





changed the pattern of the striations and core to some extent, but large 
inhomogeneities still remain for these conditions of stirring. 

The radioautograph, Fig. 6-6(a), shows a crysta containing radioactive 
antimony grown at a rate of 1.5 mils per sec. At the time this crystal was 
grown, the melt temperature was regulated by a control system which op- 
erated about twice a minute. The first portion of this crystal was grown 
with the seed rotating at 4 rpm, and the automatic temperature control 
operating. In this region the original radioautogaph shows two sets of 
striations with different periods. The temperature sontrol system was then 
turned off, resulting at first in a slight temperature rise which caused the 
growth rate, crystal diameter, and antimony concmntration all to decrease 
temporarily, As a new steady state was approached, the growth rate rose 
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I'ia. 6-7 Radioautograph of a germanium bar with striated distribution of radio- 
active antimony. 


again and the set of striations due to crystal rotation reappeared. These 
continued * until the seed rotation was stopped. With no rotation and no 
utomatic temperature control, there are various irregularities in solute 
concentration but no pattern of striations. The temperature control was 
then turned on and the striations due to it reappeared. As can be seen in 
the figure, these have a period different from that of the striations due to 
crystal rotation. This set of striations probably results from variations in 
4 = f6/D, arising primarily from changes in growth rate, f, due to the 
cyclic temperature variations. 

I'igs. 6-6(b) and 6-6(c) show two crystals grown at 3 mils per sec from 
i germanium melt containing radioactive antimony. The first crystal (b) 
was about 1g inch in diameter. The first half was grown with the seed 
rotating at 4 rpm, and the last half with the seed stationary. As can be 
seen, there is a high concentration region along one side of the stationary 
crystal. This is twisted into a screw-shaped region of high-solute concen- 
(ration in the rotated crystal. The two sides of this long thin crystal must 
have grown at nearly the same average growth rate. Therefore, in this 
(use, it seems likely that the differences in concentration on the two sides 
ure due to differences in the thickness, 6, of the diffusion layer. Since the 
primary fluid motion for this stationary crystal was that due to convection 
currents, it seems reasonable that 6 changes across the face of the crystal. 
‘lhe apparently sharp boundary between regions of high and of low concen- 
(ration is somewhat surprising at first. However, this could arise even if 5 
vhanged rather gradually from low to high values, because little change in 
('y would be noted until A approached unity, at which point a sharp in- 
crease would suddenly set in, as shown in Fig. 5-12. 

‘he crystal shown in Fig. 6-6(c) was grown from the same melt and under 
(he same conditions (4 rpm, 3 mils per sec). It shows similar striations in 
antimony concentration. A bar approximately 0.1 X 0.1 X 2.5 em was 





* Tho discontinuous white region in the figure is due to an accidental break in the 
genmanium eryatal slice before the radionutograph was made, 
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cut from this crystal. A radioautograph was made of this bar by J. D. 
Struthers, the resistivity was measured as a function of length by G. L. 
Pearson, and the lifetime of injected holes was measured along the bar by 
J. R. Haynes using a square-wave pulse circuit. Fig. 6-7 shows the radio- 
autograph of the bar, and Fig. 6-8 shows (top) densitometer measurements 
of the optical transmission of the radioautograph, (middle) the electrical 
resistivity, and (bottom) the lifetime of the injected holes. All three of 
these quantities are high at the same locations in the bar, and low at the 
same other locations. This result is to be expected if hole-electron recom- 
bination occurs at centers whose concentration responds to changes in f6/D 
in the same way that the antimony concentration does. 
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Tia. 6-8 . Hole lifetime, electrical resistivity, and optical transmission of radio- 
autograph measured on the germanium bar shown in Wig. 6-7, (Data 
of J, R, Haynes, G, L, Pearson, and J, D, Struthers.) 
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The resistivity changed as much as fivefold in the striations of this bar. 
If one assumes that A was considerably less than 1 when the concentration 
was at a minimum, then Fig. 5-13 shows that A = f5/D was approximately 
2 when the maximum concentration was reached. When D = 107+, and 
| = 7.6 X 107? cm per sec, then 6 would be about 0.03 cm. This is the 
right order of magnitude for a fluid-flow situation where 6 is controlled 
partly by convection currents and partly by crystal rotation at a speed of 
4 rpm, as can be seen in Fig. 5-15. 

Thus it appears that the general nature of these striations in solute con- 
centration can be largely accounted for in terms of variations in A = f6/D. 
‘The changes in A are due both to changes in 6 resulting from asymmetry 
in the convection currents, and to changes in the growth rate f caused by 
(emperature variations. Both of these phenomena can and do occur at the 
sume time. 

‘These effects can be eliminated to a large extent by using growth condi- 
tions such that A is either maintained constant or else its maximum instan- 
(uneous value is kept <1. In principle a uniform solute concentration 
could also be maintained if A were always >6, as shown in Fig. 5-12. This 
last condition may be difficult to realize in practice, however, for germa- 
nium crystals pulled from the melt, because of the large latent heat evolved 
ul such fast growth rates. 

As shown in Fig. 6-4, the crystals now made with a speed of rotation of 
(0 rpm or more do not show striations on a scale large enough to be detected 
by the present radioautograph or resistivity-measuring techniques. This 
Vigorous stirring has at least two advantages. In the first place, it makes 
§ more constant, since the fluid-flow velocities due to rotation are then much 
lurger than the uncontrolled convection current velocities. In addition, 6 
is made smaller, so that fluctuations in growth rate f become less important. 


(5 TEMPERATURE DISTRIBUTION 
NEAR A SOLID-LIQUID INTERFACE 


6.5.1 Inrropuction. Some of the effects resulting from growth rate 
fliictuations were illustrated in the previous discussion of striated solute 
(listributions. To avoid such non-uniformities the temperature near the 
“rowing crystal interface must be controlled, at least to a certain extent. 
Ilowever, a much more serious temperature-control problem arises in at- 
(ompting to make very thin reproducible n-p-n structures by adding solute 
vloments to the melt from which a crystal is being grown at a very slow 
average rate. If the temperature distribution fluctuates during this proc- 
#4, non-reproducible p-layers may result because of changes in the instan- 
\ancous growth rate, In fact, the p-layer may be partially or completely 
lont owing to alternate melting and freezing. This temperature control 
problem is discussed in detail in Chapter 8. Some approximate calcula- 
tions of temperature distribution which relate to this problem are given 
helow, 

In principle, the temperature distribution near a growing crystal inter- 
fuve can be calculated by methods similar to those used in Chapter 5 for 
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Fig. 6-9 Approximate heat losses due to convection and radiation for a representa- 
tive germanium crystal-growing apparatus. 


calculating the concentration distribution of a solute element. For exam- 
ple, the continuity equation (5-2) applies to the concentration of heat as 
well as to the concentration of solute elements. Quantitatively, however, 
the situation is quite different because the diffusion coefficients in both solid 
and liquid germanium are very much larger for heat than for solute ele- 
ments. Therefore, thermal concentration gradients exist throughout the 
entire system instead of being confined to a thin region of thickness 6 in 
the melt near the crystal interface. 

A quantitative description of the thermal situation for the crystal-grow- 
ing geometries actually used would require a very complicated three-dimen- 
sional analysis which will not be attempted here. Some of the heat flows 
involved are illustrated schematically in Fig. 6-9. This gives order of mag- 
nitude estimates * of some of the heat losses due to radiation and conduction 
for a germanium crystal-growing machine having a graphite crucible 6 cm 
in diameter, 4 cm high, and spaced 0.2 cm from a water-cooled quartz tube 
in an Hy atmosphere. The crystal is assumed to have a radius of | cm 
and to be growing at a rate of about 0.5 mil per sec. This figure shows 
that many heat-flow paths must be considered even for a steady-state 
analysis. 





“The heat transfer relations needed are given in Mishenden and Saunders, An [ntro- 
duction to Heat Tranafer, Oxtord University Press, Now York, 1960, 
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6.5.2 ONE-DIMENSIONAL STEADY-STaTE ANALYSIS. Even though the 
actual three-dimensional geometry is rather complex, useful information 
can be obtained from a one-dimensional approximation, which applies 
when the isothermal surfaces are roughly planar and parallel to the solid- 
liquid interface. For example, consider a region a few millimeters thick 
on either side of the solid-liquid interface of a rotating crystal of very large 
diameter grown under conditions where the radial temperature gradients 
can be neglected, at least for the central portion of the interface. Then 
the thermal distribution is given by the same one-dimensional continuity 
equation (5-3) used to calculate the distribution of a solute element: 

0°C aC aC 
D— - Vz,— = — 
ax? dx oat 
In this case C is the concentration of heat (i.e. the heat content per cm?, 
pH) and D is the diffusion coefficient of heat, x. This equation may be ex- 
pressed in terms of temperature using the relations: 
dC dH dT (63) 
— = —_— = iC, —_— — 
dx e dx i? dx 
where 7’ = temperature, p = density, and cp = specific heat at constant 
pressure. Therefore, the steady-state differential equation may be written 
rT i dT ‘ (6-4) 
K— — 2a = jo 
dx” dx 
where x = K/pcy and K is the thermal conductivity. 

Estimated values of these thermal quantities are given in Table 6-1 for 

solid germanium at the melting point. The values of K and « for liquid 


(5-3) 


TABLE 6-1 APPROXIMATE THERMAL CONSTANTS FOR SOLID 
GERMANIUM AT THE MELTING POINT 





Melting point, T, 936°C Note 1 
Density, p 5.3 gm/em? 
Specific heat, cp 0.09 cal/gm deg Note 2 
Thermal conductivity, K 0.05 cal/em sec deg Note 3 
Diffusivity, « = K/pcp 0.1 em?/sec 
Heat of fusion, AHr 114 cal/gm Note 2 





Nore 1: The melting point of 936°C is based on recent unpublished work 
by E. 8. Greiner. 

Nore 2: The specific heat and heat of fusion were obtained from tables by 
L. Brewer in L. L. Quill, Ed., The Chemistry and Metallurgy of 
Miscellaneous Materials, McGraw-Hill Book Company, Inc., New 
York, 1950. 

Norp 8: The thermal conductivity of germanium has been measured at 
room temperature by H. C. Montgomery and A. Grieco to be 
K = 0.14. By assuming that K decreases at high temperatures 
somewhat less rapidly than 1/7’, the approximate value, 0.05, is 
estimated for K at the melting point. 
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germanium are not known. For simplicity they will be assumed to be the 
same as for solid germanium in the calculations to follow. Also, for sim- 
plicity, K, x, p, and cy, will be assumed to be independent of temperature. 

The way the temperature distribution near the solid-liquid interface de- 
pends on growth rate and fluid flow due to crystal rotation will be calcu- 
lated for the following conditions: Let the coordinate system be fixed to 
the solid-liquid interface at 2 = 0, where the temperature is the melting 
point, 7’. Suppose the seed end of the crystal is cooled in such a way 
that the temperature 7, at « = —s is held constant. Furthermore, let 
the melt be heated so that the crystal maintains a constant diameter while 
it grows at a constant velocity, f, equal to the pull velocity of the seed 
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lia, 6-10 -Concentration of heat and temperature distribution near a growing 
crystal interface, 
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holder. Also, assume that the crystal is rotated producing a fluid flow nor- 
mal to the interface as illustrated in Fig. 5-15, which gives the normal fluid 
velocity at a rotating disk calculated by Cochran. * 

For these assumptions, the steady-state temperature distribution can be 
determined by solving (6-4) with the proper boundary conditions in three 
regions near the solid-liquid interface. These three regions are illustrated 
in Fig. 6-10, which shows qualitatively the concentration of heat and the 
temperature distribution versus distance from the interface located at 
x = 0. Region 1 is the solid crystal near the interface for —s <x < 0. 
Region 2 is the layer of liquid, 0 < x < p, where the normal fluid velocity 
due to rotation is proportional to x? as shown in Fig. 5-15. Region 3 is the 
main body of the melt, z > p, where the normal fluid velocity is constant 
as in Fig. 5-15. 

The boundary conditions and solutions of equation (6-4) are as follows: 


Raion 1: -s< 2x <0 
Normal velocity: 


-—V,=f (6-5) 
Boundary conditions: 
r= -s8, T=T, (6-6) 
il 0, T=T, (6-7) 
Solution: 
dT S(T. oe T's) —x 
dx k(e? — 1) 
T—-T e*-1 
To= Ti; ~ SH] 2) 
where 
x 8 
XxX i and §S a (6-10) 
K K 


lor germanium with « = 0.1 and for the conditions of interest where 
f< 10 ands<1lem, (e-* —1)+ —X, and (eS —1)+S; or 
ee ee 
T, —T, tre (6-11) 
‘Thus the temperature distribution is approximately linear and independ- 
ont of growth rate in the germanium crystal near the interface for practical 
“rowth rates < 107? em per sec. 


Ktwaton 2:0 <a <p 
Normal velocity: 
—-V,z,=f+Ww as in (5-16) 
wy? 
W = 0.510 er as in (5-19) 
v 


_* Coehran, Pree, Cambridge Phil, Soe, Vol, 80 (1984) p, 865. 
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Boundary conditions: 
x =0, T=T, 


(: KsG — fp(AHr) 
c= 0, = 


ea 6-12 
dx o Kr, ( ) 


Here, G is the temperature gradient in the solid at the interface and 
(dT /dx), is that in the liquid at the interface. This boundary condition 
is similar to the one used for solute atoms (5-8), and says that the net 
flow of heat to and from the interface must equal the heat of fusion 
generated there. 


Solution: When 0 < z < p 


dT d 
on = (—) eX +BX8) (6-13) 


d - ; 
etm (—) f eX +BX) (6-14) 
dx] Jo 





where 
3 0.510 "2x? in (6-21) 
= —____ as in (5- 
3f°v4 
and 
p = 1.32V v/w from Cochran’s analysis (6-15) 
The maximum value of (X + BX?) occurs when « = p. For germanium 
this is 
3 0.066f | 0.97 X 107% 
fp a (2) = OO 4! (6-16) 
K K Vw K 
or (X + BX?) < 107? forf < 10~? and w > 1. Therefore, 
(dT /dx) = (aT/dx), (6-17) 
and 
d 
r—1,+(—): for0<a<p (6-18) 
dx/, 


Thus for germanium the temperature distribution in this region is very 
nearly linear with a temperature gradient given by the boundary condition 
(6-12). 


REGION 3:2 > p 


Normal velocity: 
-Ve=Jj (6-19) 


where j = f + 0.886Vw. The term, 0,886V v0, is the normal fluid 
velocity due to crystal rotation as obtained from Cochran's analysis, 
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Boundary conditions: 


d 


XL 


dT (~) ‘ (~) ey 
r= ’ _ = — => —- —, 
e dx dx /p dx / 4 ( ) 


for germanium from (6-17 and 6-18). 


aT d 
— = (~) e (6-22) 
dx dx / 


d 
T—T,= : . (~) (1+ P—e?-) (6-23) 
j \dz/o 


Solution: 


where J = jx/x and P = jp/k. 


This relationship results in a dependence of temperature on distance with 
some curvature which depends on growth rate and speed of rotation of the 
crystal. However, the most pronounced effect on the temperature distri- 
bution is the variation of (d7'/dx), with growth rate given by the boundary 
condition (6-12). This effect is illustrated in Fig. 6-11 which shows the 
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Vic, Gell One-dimensional caleulation of the effect of growth rate on the tem- 
perature distribution near a rotated germanium crystal interface. 
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temperature distribution calculated for the above three regions in the vicin- 
ity of a germanium crystal interface. A temperature gradient, G, in the 
solid of 150°C per cm was assumed in the example shown here. Since a 
one-dimensional geometry with the thermal conductivity of the liquid equal 
to that of the solid was also assumed, this same temperature gradient con- 
tinues in the liquid phase for zero growth rate and no stirring of the melt. 
Crystal rotation at 100 rpm requires that the temperature gradient in the 
liquid be reduced in order to maintain zero growth rate. Such an effect 
has been observed experimentally. 

As shown in Fig. 6-11, in order to grow the crystal at a few mils a second, 
the temperature of the melt must be decreased considerably to compensate 
for the latent heat generated at the interface owing to solidification at an 
appreciable rate. In this example, when the crystal is solidified at 5 mils 
per sec the melt temperature must be reduced to the melting point. If one 
attempts to grow a crystal at 6 mils per sec with a 150° per cm temperature 
gradient in the solid, then the melt must be supercooled to remove the heat 
generated by solidification. Under these conditions the entire melt would 
crystallize at nuclei on the crucible walls or at other places in the melt. 
This is just what was observed experimentally by Teal, Buehler, and others 
when attempts were made to grow crystals at such a fast rate. In fact, 
the value of G of 150° per cm was chosen to make this theory fit the experi- 
mental observations. The actual temperature gradient in the solid has not 
yet been measured accurately, but 150° per cm is probably the correct 
order of magnitude. 

These calculations are in qualitative agreement with experimental ob- 
servations in many respects. However, the actual temperature gradients 
in the melt for geometries ordinarily used are probably about one-third of 
those shown in Fig. 6-11. One reason for this difference is that the cross- 
sectional area of the actual melt is usually much larger than the crystal 
cross section, and therefore the over-all thermal conduction in the melt is 
much better than would be the case for the one-dimensional geometry as- 
sumed here. Within about a millimeter of the interface, however, the actual 
temperature distribution may resemble that shown in the figure if the ther- 
mal conductivity of liquid germanium is the same as that for solid germa- 
nium. This may not be the case. It may be that the smaller temperature 
gradients actually observed in the melt are due in part to a higher thermal 
conductivity for liquid germanium than that assumed here (Kz = .05). 


6.5.3 QUALITATIVE EFFEcT OF TEMPERATURE FLUCTUATIONS ON GROWTH 
Rats. Although a quantitative calculation of the effects of temperature 
fluctuations on growth rate is not available at present, some qualitative 
estimates can be made for the situation of interest in preparing n-p-n struc- 
tures from a germanium melt. In this case the germanium crystal is grown 
at a very slow average growth rate (about 0.1 mil per sec is typical) and 
donor or acceptor elements are added so as to give a p-layer of the order of 
1 mil in thickness. For certain applications it may be desirable to make 
the p-layer even thinner, It is of interest to estimate what limitations on 
the reproducibility of the p-layer thickness may arise owing to temperature 
_ fluctuations in the melt, 
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"ia, 6-12 Schematic illustration of temperature fluctuations near a crystal inter- 
face caused by temperature fluctuations in the melt. 


This will be done on the assumption that latent heat of fusion can be 
neglected when both the average growth rate, f, and the fluctuations of 
growth rate, df, are so small that the heat produced by solidification is 
much less than the heat flow by conduction. Also, it will be assumed that 
the thermal conductivity of the stirred melt is the same as that of the solid 
in the region near the interface. 

With these crude assumptions, the solid-liquid interface will respond 
(ualitatively to small temperature fluctuations in the melt, as illustrated 
in Fig. 6-12. Suppose the seed end of the crystal at « = 0 is maintained 
ut a constant temperature 7's while the temperature in the melt at the 
plane « = L is fluctuating between limits 77, + dT. This causes the solid- 
liquid interface to fluctuate in position from (x — dx) to (x + dx). The 
amplitudes of the temperature fluctuations at position x are given by 
Curslaw and Jaeger * for a similar one-dimensional case where no latent 
heat is involved, If the temperature at x = L is 


De = T tig + (aT) sin at (6-24) 
then the temperature at position a is 
T = Ts + «G+ AdT sin (at + ¢) (6-25) 





* Carslaw and Jaeger, Conduction of Heat in Solids, Oxford University Press, New 
York, 147, p, 80, : 


128 PREPARATION OF SINGLE CRYSTALS 
where A is given by Carslaw and Jaeger as 


2 cosh ax — cos ax 6-26) 
h ~ eosh aL — cos aL : Si 
where 


2a 
a= ./— (6-27) 
x 
Then if heat of fusion is neglected, the solid-liquid interface will fluctuate 
in position by +dz where 


dx = a (6-28) 
C= ee = 
G 
The growth rate will fluctuate about an average value f by --df where 
aAdT 


df = 





(6-29) 


providing dz « x, dT « Tz,, and f + df is so small that heat of fusion can 
be neglected. 

These relationships for dx and df are given in Fig. 6-13 as a function of 
the period, 1/a, of the temperature fluctuations for G = 150° per em, and 
for the temperature fluctuations, d7’ = 1°, occurring either 0.5 or 1 cm 
from the solid-liquid interface. For example, if the temperature fluctua- 
tions have a period of 1 sec and are as large as 1° at 0.5 em from the inter- 
face, then this figure shows that the growth rate fluctuates by +0.8 mil 
per sec and the interface fluctuates by +0.8 mil. Thus it would be quite 
difficult to make an 0.5-mil p-layer at an average growth rate of 0.1 mil 
per sec under these conditions, because alternate melting and freezing would 
be going on which would cause the p-layer to be melted away even if it 
were formed originally. 

Although the results shown in Fig. 6-13 are very crude approximations 
to the real situation, they do illustrate qualitatively what is to be expected 
from temperature fluctuations. At present it is not clear whether the real 
effects are larger or smaller than those shown in the figure. If latent heat 
of fusion were included, df and dx would be smaller than shown in the fig- 
ure. However, if the fluid flow in the melt were considered, temperature 
fluctuations deep within the melt would probably be transported toward 
the interface by fluid flow with less attenuation than is calculated here on 
the basis of thermal diffusion alone. Obviously a more detailed analysis 
of this problem is required. 

It may be worth while to point out that such thermal fluctuations can 
occur owing to several causes, such as fluctuations in crucible temperature, 
seed-holder temperature, gas flow, etc. Even though all of these are held 
at a steady value, it is still possible to have sizable temperature fluctuations 
in the liquid which will depend on the detailed fluid-flow patterns from the 
cooled crystal to the hot crucible walls and back toward the erystal again, 
For the usual conditions of stirring, the fluid flow is laminar, ‘Therefore, 
the hot and cold portions of the melt may not be well mixed, so that the 
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\'iq. 6-13 Qualitative estimates of the fluctuations in growth rate and interface 
position due to one-degree temperature fluctuations in a germanium 
melt, for a case where heat of fusion is assumed to be negligible. 


liquid approaching the interface may fluctuate in temperature even for a 
vonstant temperature at the crucible walls. 


SYMBOLS USED IN CHAPTER 6 


C concentration of solute, concentration of heat 

Cy final concentration at interface after new steady state 
is reached 

C; initial concentration at interface at t = 0 

CL concentration of solute in liquid phase 

Co concentration of solute in liquid at solid-liquid interface 

Cs concentration of solute in solid phase 

D diffusion coefficient of solute atoms in liquid, amount 
of donor impurity, diffusion coefficient of heat 

ta rate of crystal growth 

hn mean growth rate 

k equilibrium distribution coefficient 

K thermal conductivity 

t time 

a temperature 

A f6/D 

6 thickness of diffusion layer 

K diffusivity 

v kinematic viscosity of liquid 

p density 

W frequency of fluctuation, angular velocity of rotation 
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Chapter 7 


PREPARATION OF 
GERMANIUM SINGLE CRYSTALS 


Aw efficient production process is dependent on a source of raw material 
of controlled properties. Specifically, if the production of the electrical 
devices described in later chapters is to be practical, a source of single- 
crystal germanium of controlled electrical properties is required. The prep- 
aration of such material is discussed in this chapter in terms of the crystal- 
pulling process. ‘The emphasis is on (1) obtaining the single crystal, (2) con- 
trolling its electrical resistivity by applying the principles developed in 
Chapters 5 and 6, and (3) evaluating it for conformance to specifications. 
The emphasis on resistivity should not necessarily imply that it is of greater 
significance than are other properties, such as lifetime, breakdown voltage, 
etc., but rather that it is the one which is currently under the best control 
and on which to date the closest control has been required by the device 
designer. For example, lifetime requirements for current device applica- 
tions are usually consistent with the properties of the raw germanium used. 
Hence, lifetime control is not generally required. 


7.1 OBTAINING THE SINGLE CRYSTAL 


7.1.1 DEScRIPTION OF THE Process. Specifications for single-crystal 
germanium may demand n, p, n-p, or n-p-n structures covering a wide 
range of resistivities and resistivity combinations. With the pulling tech- 
nique, the starting procedure is the same in each case. To a charge of 
clean germanium is added “impurity” of the proper type and quantity to 
yield the specified resistivity. The charge is melted in a controlled atmos- 
phere and a germanium seed of specified crystalline orientation is dipped 
into it. After thermal equilibrium is attained, the seed is slowly and con- 
tinuously withdrawn (Fig. 7-1). The temperature and withdrawal rate 
are so controlled that germanium freezes, or “grows,” on the bottom of the 
seed, conforming to the orientation of the seed and exhibiting the desired 
geometry and impurity distribution, For crystals of single-conductivity 
type this process is continued until the melt is exhausted, For n-p types 

the initial part of the crystal is grown from a melt containing excess donor 
: 10 
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impurities. At a calculated point during growth a pellet of acceptor im- 
purity is dropped into the melt through a pellet tube. The remainder of 
the crystal is thus p-type. For n-p-n’s, a second pellet, rich in donors, is 
added shortly after the p-type pellet, thus producing a crystal of n con- 
ductivity on both ends with a thin layer of p material in the middle. In 
growing these junction crystals the growing conditions remain unchanged 
during impurity additions. Each addition is calculated to produce a resis- 
tivity within a range specified by the device engineer. The addition of im- 
purities is termed “doping.”’ The first part of the crystal to solidify is 
called the “seed” end; the last to freeze is the “cap” or “tip.” 


7.1.2 Marertats. The resistivity of germanium at a given temperature 
is a function of impurity concentration. Clearly, then, a calculation de- 
signed to predict the correct doping for a given final resistivity must be 
based on knowledge of the impurity content of the ingot from which the 
starting material is obtained. From a practical point of view it is sufficient 
to know that this content is insignificant compared with that required in 
the doped melt. In growing n-type crystals of controlled resistivity the 
following working rule defines the error to be expected from neglecting the 
residual donor concentration: The final resistivity of crystals calculated to 
be 10 ohm-em or less will be in error 3 per cent or less if the starting mate- 
rial is all 20 ohm-cm or higher.* 

Preparation of ingots by zone purification offers significant advantages. 
It results in ingots of uniform resistivity over a large percentage of the 
ingot length (see Chapter 2). Furthermore, this resistivity is generally 
greater than 20 ohm-cm; hence the impurity content is negligible compared 
with that desired in most melts. Lifetimes exhibited by crystals grown 
from zone-purified material usually fall between 50 and 500 microseconds, 
which is suitable for most applications. Such ingots are therefore desirable 
as a source of raw material for crystal pulling. 

To reduce surface contaminants, the ingot material is etched in CP4,f 
washed in water, and dried in an air blast just prior to the pulling operation. 

The doping impurities commonly used in resistivity control are arsenic 
for n-type crystals and gallium for p-type. Inasmuch as the concentrations 
required for most crystals are of the order of one part in 10’ parts germa- 
nium, it is impractical to attempt doping with pure material. A low-con- 
centration alloy of the impurity in germanium is generally used. 

The preparation of arsenic-germanium alloys of predetermined composi- 
tion is exceedingly difficult because an appreciable fraction of the arsenic 
volatilizes during alloying. Consequently, it is the practice to prepare such 
alloys “blind.” That is, germanium is doped heavily with arsenic of which 
an unknown amount actually finds its way into the alloy. Quantitative 


* Suppose it is desired to grow an n-type crystal of 10 ohm-cm from starting material 
of 20 ohm-cm. From the calculation described in See, 7.2 it is determined that the ini+ 
tial concentration of donors in the melt must be 8,1 X 10" per em*, The residual donor 
concentration in 20-ohm-cm stock is 8 X 10" per em* (Mig, 7-8). This is 3 per cent of 
the total donors required, 

+ 150 om® hydrofluoric acid, 150 em" glacial acetic acid, 250 em" nitric acid, 8 drops 
bromine, 
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analysis of the final alloy is precluded by the low arsenic concentration. 
Such alloys are specified in terms of resistivity, from which arsenic concen- 
tration can be calculated. Since each arsenic atom provides one conduc- 
tion electron, and since at p < 10 ohm-cm conduction by other carriers is 
negligible (see Sec. 7.4, Appendix I), 


1 
c= ri Csqu (7-1) 


where « = conductivity in ohm! em™, 


p = resistivity in ohm-cm, 

Cs = arsenic concentration in atoms per cm?, 
q = electron charge, 
uw = electron mobility. 


A useful range of such doping alloy is from 0.010 ohm-cm (3 X 10!” atoms 
per cm*, or 0.0007 per cent) to 0.001 ohm-cm (8 X 10'® atoms per cm, or 
(),02 per cent). This type of alloy is either crushed or supplied in the form 
of dice. 

An alternative method of preparing arsenic-germanium alloys consists of 
(listilling arsenic into germanium in a closed system, thus preventing arsenic 
loss and permitting quantitative alloying. This material is crushed and 
well mixed to remove inhomogeneities in composition resulting from arsenic 
wogregation during solidification. These alloys can be specified in terms of 
porcentage of arsenic. 

Gallium, having a much lower vapor pressure than arsenic, can be alloyed 
(uantitatively with germanium without elaborate precautions. These al- 
loys are also crushed. Pellets are formed in one of two ways. The powder 
“un be pressed in a die with a binder of cellulose acetate in nitrobenzene. 
On adding such a pellet to molten germanium, the binder disintegrates, ex- 
posing a large surface area of alloy to the melt, and aiding in rapid distribu- 
(ion of gallium through the melt. Pellets which are somewhat easier to 
liwndle are made by fusing the powder into small pills. 

‘or some crystals, exceptionally high donor concentrations are desired. 


In such cases pure (CP) arsenic flakes are used as doping material. 
‘I'he seed is a bar of germanium of specified crystalline orientation. Seeds 
wed in the apparatus described here are of square cross section, 0.187 inch 


on uw side. A seed can be used repeatedly if proper precautions are taken. 

‘I'he selection of a desirable orientation is based on considerations of the 
(livections of preferred growth in the germanium structure. To illustrate, 
ti analogy between diamond and germanium (both of which exhibit the 
same crystalline system) can be drawn. The natural diamond crystal is 
ii the shape of an octahedron (Fig. 7-2). The maximum dimensions— 
lence the directions of preferred growth—lie along the x, y, and z axes. 
Thus, if the germanium seed is cut with its length paralleling one of these 
axes, the growth of germanium on the end of the seed will be in one of the 
preferred directions (Fig. 7-2), In crystallographic parlance, the seed is 
wut wo that the direction of growth is in the [100] (Miller Indices) direction, 
While the side faces are [O11], [O11], [O11], and [011]. 
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Fig. 7-2 Similarity between natural diamond and grown germaniun. 


Seeds are cut with a diamond wheel from single-crystal germanium which 
has been oriented with a goniometer, i.e., by X-ray reflections. The seed 
is etched in CP4 prior to each crystal growth. A small portion of the seed 
is necessarily dissolved each time it is dipped into the melt. To maximize 
seed life, it is good practice to extend the length of a new seed by growing 
material on it at a slow withdrawal rate, i.e., 0.0005 inch per sec. There- 
after, additional extensions can be made as the seed is shortened by re- 
peated use. In this way a single seed can be used to grow a great many 
crystals. 


7.1.3 Growine Conpirions. Conditions of crystal growth are so regu- 
lated that the desired crystalline, geometric, and chemical properties are 
obtained. The crystalline orientation is determined by the seed. Crystal 
geometry is controlled by regulating, or programing, heat input to the sys- 
tem. The chemical properties (impurity distribution) are controlled by 
programing the rate of withdrawal of the seed. 

Conformance of the crystal with the seed orientation is difficult if appre- 
ciable quantities of oxide are present. Growth in hydrogen atmosphere 
prevents oxidation from oxygen and water vapor. Abrupt changes in grow- 
ing conditions also increase the difficulty of maintaining correct orientation 
throughout growth. Sudden increases in growth rate, for example, increase 
the possibility of germanium solidification of random and multiple orienta- 
tion, such as is observed on rapidly cooling a drop of molten material. 
Continuity of growing conditions demands that withdrawal of the seed be 
continuous. In the apparatus shown in Fig. 7-6, withdrawal is accom- 
plished by pulling the shaft through a stationary bushing with a cable. 
The shaft is subjected to a high-frequency vertical vibration of 0.005-inch 


amplitude to minimize intermittent withdrawal resulting from binding in — 


the bushing. In addition it is necessary to keep the shaft clean and lubri- 
cated. Vibration also appears to aid in maintaining the solid-liquid inter- 
face in a reasonably planar condition, Without it, non-symmetrical sur- 
face-tension effects may result in variable and non-planar geometry of the 
interface. Furthermore, vibration imparts some degree of agitation to the 
molt, aiding in distribution of impurities, 
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A second source of non-uniformity of growing conditions is mislocation 
of the melt with respect to the thermal center of the high-frequency heat 
source. This condition results in “cold” spots, creating a tendency for 
eccentric growth. The melt is consequently centered as nearly as possible. 
In addition, continuous rotation of the seed during growth averages out 
the effects of slight temperature inhomogeneities. 

Seed rotation has been discussed in Chapters 5 and 6 in terms of the 
stirring introduced. It was shown that a minimum rotation rate must be 
exceeded if impurity striations in the crystal are to be avoided. Further- 
more, the rate of rotation varies the extent, 5, of the diffusion-dominated 
region existing in the melt at its interface with the growing crystal. The 
value of 6 enters into the relationship defining solute distribution in the 
crystal (equation 5-34). 

Crystal geometry is controlled by regulating the thermal conditions of 
the system. If the melt, together with its interface with the seed or grow- 
ing crystal, is defined as a system, a qualitative, steady-state heat balance 
can be set up. The only heat source is the high-frequency coil. Let this 
heat input to the system be Q; Btu per sec. Heat is lost by conduction 
through the seed and pulling shaft, by radiation, and to the hydrogen 
stream flowing around the system. Let the sum of these heat losses be 
(), Btu per sec. Now, if the seed is stationary and in equilibrium with the 
melt so that material is neither frozen nor melted, then Q; = Q). If Q, is 
increased slightly, the solid-liquid interface will move away from the heat 
source until a new equilibrium is established. That is, the interface will 
move up or the seed will ‘‘melt back.” Similarly, the interface will move 
down if Q; is decreased. An attempt to withdraw the seed from the melt 
under these conditions will cause the seed to break away from the melt. 
If, however, withdrawal is preceded by a sizable drop in Q;, then germanium 
will freeze on the end of the seed at a rate proportional to Q, — Q,. 


Rate = (Q, — Q;)/AHy;d in® per sec 


where AH; = heat of fusion of Ge in Btu per lb, 
d = density in lb per in?. 


If the rate of withdrawal is f inches per sec, then the area of the growing 
interface is, neglecting the fall of the melt surface, 


A = (Qo — Qi)/AHjdf in? 
or the crystal diameter is 
D = [4(Q. — Q:)/dfAH;n]* ()) 


‘Thus the crystal diameter can be controlled by regulating the two inde- 
pendent variables in the above expression, Q; and f. 

The technique of growing a crystal so that a large fraction of it falls 
within rather narrow resistivity limits consists of continuously changing or 
wograming the rate of pull, f, throughout growth according to the principles 
mid down by Slichter in See, 5.6, The effeet is to control the impurity 
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Fig. 7-3 Resistivity profiles of normal and of programed crystals. 


distribution throughout the crystal. It may be recalled that the control 
is more readily achieved if A, the area of the interface, is maintained con- 
stant during the programing of f. It is clear from (7-2) that changes in f 
will be accompanied by changes in crystal diameter if Q; remains constant. 
Therefore, the rate-of-pull program is accompanied by a temperature pro- 
gram designed to vary Q; so that a reasonably uniform diameter is obtained. 
The resistivity profile of a programed crystal is shown in Fig. 7-3. The 
profile of a crystal grown in the normal manner (constant f) is included for 
comparison. The abscissa is presented as distance from the seed. The 
benefit of programing as a production tool is illustrated by the relatively 
large fraction of the programed crystal falling within rather narrow resis- 
tivity limits (7-9 ohm-cm). 


7.1.4 Apparatus. The apparatus pertinent to the crystal-pulling oper- 
ation consists of (1) a container or crucible for the melt, (2) a chuck to 
hold the seed, (3) a thermocouple, a heat source, and a control loop to 
regulate the temperature, (4) a mechanism for pulling the seed, together 
with its controls, and (5) a mechanism to drop doping pellets. A layout 
of the apparatus is illustrated in Fig. 7-4. 

The crucible material must not react with molten germanium, should be 
readily machinable, and must be heated easily in a high-frequency field. 
High-purity graphite meets these requirements. A satisfactory crucible 
geometry, approximately to scale, is seen in Fiz. 7-1. Only the outer 49 
inch of the crucible is heated inductively at the frequency employed, 450 
ke. Heat then flows through the crucible wall and into the melt by con- 
duction. The crucible wall should thus be thir enough to provide reason- 
ably rapid thermal response, yet of sufficient thermal capacity to maintain 
a given temperature during very rapid fluctuations in heat input. Prior to 
use, the crucible is baked at 1200°C for 15 mia to drive off residual con- 
taminants, Inasmuch as the position of the erucible inthe hef field is 
critical, the crucible mount should provide for ‘eady lateral movement, 
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The requirements of the seed chuck are that it be capable of holding 
the seed rigidly in position without applying sufficient pressure to fracture 
it. Such a chuck is illustrated in Fig. 7-5. 


ESS, 













—— 


Fig. 7-5 Seed chuck. 
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Temperature control is maintained by the system shown schematically 
in Fig 7-6. The sensing element is a platinum-platinum 10 per cent rho- 
dium thermocouple inserted in the crucible wall. Controlled variation, or 
progreming, of heat input during crystal growth is achieved by introducing 
an exiernal emf into the control circuit. This emf is determined by the 
position of the follower on the temperature-program cam. The cam itself 
is of such geometry that the emf introduced will vary the heat input to the 
system, Q;, in such a manner that D in equation (7-2) remains substantially 
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Fig. 7-6 Schematic diagram of control systems. 


constant. Fig: 7-7 illustrates what can be achieved in constancy of D with 
temperature programing. The significant geometry is that of the upper 
two-thirds of each crystal. The lower third shows how the diameter natu- 
rally decreases as the melt volume is diminished near the end of growth. 
This portion is not considered a part of programed growth, In practice 
the geometry of the temperature cam is determined empirically, With a 
given rate-of-pull program and rotation rate, the requisite change in Q; to 
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maintain a constant D is observed, and the cam cut accordingly. Q,; is 
monitored by the thermocouple. 

The heat source used with the apparatus described here is a 10-kw, 450-ke 
induction generator (Westinghouse). One advantage of a high-frequency 
source over a resistance heater is its rapid thermal response to imposed con- 
trol signals. It is, however, just as sensitive to spurious signals. The con- 
trol system designed to maintain close temperature tolerances with h-f heat 
source is described in Chapter 8. A second advantage lies in freedom from 
contamination. Melts in resistance heaters are subject to contaminants 
emanating from the refractory lagging around the heater. Arsenic vapor 
from a highly doped melt, for example, may be deposited here and con- 
{aminate subsequent melts. 





iq, 7-7 Uniformity of crystal geometry obtainable with the pulling technique. 


A method of withdrawing the crystal under controlled conditions is illus- 
trated in Fig. 7-6. The pulling rate is determined by the signal from the 
’hymotrol unit. This signal is, in turn, controlled by the position of the 
follower on the rate-of-pull cam. The geometry of this cam is designed to 
vary the rate of pull, f, according to the program required to yield germa- 
nium of constant impurity content. The principles involved are developed 
in See. 5.6. Practical considerations impose limits within which the rate 
of pull should always fall. The maximum can be inferred by recalling that 
in / is increased, Q; must be decreased if D is to be of respectable size. 
‘The upper limit of f, then, is that point at which Q; is so low that the 
iondeney for the melt to freeze over becomes appreciable. It is about 0.004 
inch per sec for a rotation rate of 60 rpm, The minimum limit is the rate 
helow which excessive growing time is required, and is of the order of 0.0001 
inch per see, The range of f for a typical program is from an initial rate of 
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0.0030 inch per sec to a final value of 0.0003 inch per sec. The variation 
of f with time is determined from a plot, of which Fig. 5-24 is an example. 

Synchronization of the rate of pull with the temperature program is 
maintained by operating both cams from the same shaft. 

The mechanism for dropping ‘‘doping”’ pellets into the melt during crys- 
tal growth must do so without adding appreciable air to the system. The 
danger of admitting oxygen to a hot hydrogen atmosphere is obvious. Sec- 
ond, the introduction of cold air upsets the thermal conditions of the sys- 
tem; hence, it introduces a momentary discontinuity in growth rate. Fur- 
thermore, the tube must be so located that the pellet is introduced into the 
melt as far from the growing crystal as possible; otherwise, misorientation 
of the crystal may result. The mechanism shown in Fig. 7-1 meets these 
requirements. Pellets are placed in the holes in the upper disk. At the 
appropriate time this disk is rotated with respect to the lower one by a 
motor. As the pellet hole mates with the tube the pellet drops. Spacings 
between pellet holes can be calibrated for time to permit selected time 
intervals between pellets. Not shown in the figure is a shoe which contacts 
the upper disk directly over the pellet tube. This prevents the introduction 
of air when a hole mates with the tube. 


7.1.5 OPERATIONAL Precautions. A common source of crystal rejec- 
tion is crystalline misorientation. This can take the form of twinning, 
nucleation, lineage, or polycrystallinity. Twinning is the least common of 
these types. Its causes are not clearly understood; it has frequently been 
observed to accompany sudden changes in crystal diameter, i.e., sudden 
changes in growth rate. Nucleation is crystallization about a secondary 
nucleus of independent orientation. Specks of contaminant in the melt, 
or thermal shock resulting from the introduction of a cold pellet, are sources 
of this type of misorientation. It is for this reason that doping pellets are 
dropped as close to the crucible wall as possible. Lineage is a phenomenon 
in which adjoining sections of the crystal exhibit slightly different orienta- 
tions. Frequently it is a surface effect. In its severest form, however, the 
entire mass of material may be affected. The appearance is not unlike a 
bundle of vertical rods, each with a slightly different orientation from its 
neighbors. Lineage can usually be recognized by visual examination of the 
crystal surface. Differences in light reflected from adjoining sections of 
different orientation are readily discernible. This effect appears to be a 
consequence of intermittent growing conditions. Intermittent withdrawal 
or mislocation of the crucible increases the possibility of its occurrence. A 
misoriented seed inevitably results in polycrystallinity. 

A necessary precaution in growing n-p-n junctions is dictated by the 
very thin p-layers required. With small fluctuations in temperature, the 
interface advances or recedes relative to the melt. Thus there is the pos- 
sibility that the desired p-layer may be erased if the crystal melts back at 
the time p material is supposedly growing. ‘This places a dynamic require- 
ment on the temperature control which is described in detail in Chapter 8. 

Another demand on temperature control arises from the requirement 
that crystal diameter be constant during programed growth, Hquation 
(7-2) shows the dependence of D on (Qo = Q). In practice, for a erystal 
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34 inch in diameter, pulled at 0.002 inch per sec, Q; ~ 2.36 Btu per sec, 
whereas (Q, — Q;) ~ 0.04 Btu per sec, illustrating that Q, and Q; must be 
controlled to within +0.004 Btu per sec, or +0.2 per cent, if the diameter 
is to be constant within +10 per cent. This static requirement is usually 
met with the control unit used. 

A health hazard associated with crystal-pulling is a consequence of the 
high vapor pressure of arsenic. On adding appreciable amounts of arsenic 
to the melt, arsenic vapor is formed, resulting in the formation of small 
quantities of arsine within the system. If the apparatus is not airtight, 
contamination of the surrounding atmosphere results. Although the arsine 
concentration is small and its formation limited to the short time interval 
following heavy arsenic doping, it is advisable to make the apparatus as 
gastight as possible and to exhaust the gases passing through it. The 
greatest sources of leaks are through the gland about the pulling shaft and 
through the seal between the removable crucible base and the main assem- 
bly. The gland can be maintained under slight positive pressure of an inert 
gas. The seal between the crucible base and assembly can be made with 
a gasket. 

The procedures and precautions discussed thus far have dealt largely 
with the techniques required to produce germanium in its most usable 
form—a single crystal of uniform diameter. The following section is con- 
cerned with the chemistry of the process. In particular, it deals with the 
adjustment of the chemical content of the liquid germanium to achieve a 
desired resistivity in the crystal. 


7.2. RESISTIVITY CONTROL 


The resistivity of germanium is dependent on the concentration of solutes, 
such as arsenic and gallium, in the crystal. The solute is incorporated in 
the crystal from the melt during growth. The translation of resistivity 
into solute concentration in the melt thus requires that the following rela- 
tionships be known: 


(1) The dependence of resistivity, p, on solute concentration in the solid, 
‘Ss 
(2) The dependence of C's on solute concentration in the original melt, 
Cy, or in the liquid at some point during growth, Cr. 


With these relationships, the required Cz or Cy can be determined for 
1. specified resistivity. The doping schedule is then designed to produce 
(he requisite melt concentration. 


7.2.1 Stnatu-Conpuctiviry Crystats. The growth of single-conduc- 
tivity type crystals is aimed toward maximizing the fraction of the germa- 
nium falling within specified resistivity limits. A reasonably constant re- 
sistivity is provided over a large portion of the crystal by programing the 
rate of pull throughout growth to yield a constant Cg (Sec. 5.6). Resis- 
tivity control involves adjustment of the solute concentration in the initial 
melt, Cay, 80 that Cy corresponds to the specified resistivity. A method 
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for calculating Cy is developed here in terms of n-type crystals. The case 
for p-type is identical except for the values of the parameters. 

The first step in the calculation is the determination of the Cg corre- 
sponding to the desired resistivity, p. The dependence of p on Cg is given 
(see Appendix I and Fig. 7-8) by 





1 
Cs = (7-3) 
PUhn 
where g = electron charge = 1.60 X 107’? coulombs, 
bn = electron mobility in em? volt sec™!. 


This expression is valid to the extent that thermal carriers and acceptor 
impurities are negligible. It permits immediate calculation of Cs for p < 10 
ohm-cm. 
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Fic. 7-8 Dependence of resistivity on donor concentration in n-type germanium, 
at room temperature. 


The next step is the determination of the initial melt concentration, Cy, 
necessary to provide Cs. These two properties vary linearly (Sec. 7.5, 
Appendix II): 

Cs = BCu (7-4) 


where B is a constant for a particular program, a particular crystal geom- 
etry, and a given rotation rate. B can be evaluated experimentally for that 
portion of the crystal exhibiting constant Cs as follows. From experimental 
crystals, Cg is calculated from the resistivity measured in the region of con- 
stant p. Cy is calculated from the quantity of impurity added to the melt, 
B = Cs/Cy. Knowing B, one can use equation (7-4) to calculate the re- 
quired Cy for subsequent crystals. 

Since the residual impurity concentration in zone-purified raw material 
is negligible, the arsenic to be added to the initial melt is calculable directly 
from Cy and the volume of the melt. 


Sample Calculation, From the data of a large number of 100-gm n-type 


crystals grown by a particular program, an average B is found to be 0.0548 
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in the region of constant p. It is desired to calculate the necessary arsenic 
to add to a 100-gm melt to grow a crystal of p = 5 ohm-cm by the same 
program. 
From (7-3) 
Cg = 1/(5 X 1.60 X 107" X 3600) * 
= 3.4 X 10'* atoms per cm? 
From (7-4) 
3.4 X 1014 2 
Cu = ————— = 6.2 X 10" atoms per cm? 
0.0548 
Arsenic to be added is 
6.2 X 10!° atoms As 1 em? 


x 100 gm Ge X 
cm? . 5.4 gm Ge 


= 1.15 < 10"" atoms As 
If the doping alloy is of p = 0.002 ohm-cm 

1 
0.002 X 1.6 x 107!® x 1100 f 


= 2.84 X 10!§ atoms As per cm? 





Cattoy = 1/pqu = 


Then the alloy to be added is 


1.15 X 10!” atoms As 5.4 gm alloy 
___* _______ x em? alloy X —_,——— = 0.218 gm alloy 
2.84 X 10'8 atoms As cm? alloy 


Calculations of this sort can be used to make a doping chart. Such a 
chart is shown in Fig. 7-9 together with experimental points. This chart 
is of value for ready selection of a doping schedule. 

Values of Cs/Cy may be used in formulating a control chart, as illus- 
trated in Fig. 7-10.. The chart is of value for indicating whether ‘the proc- 
oss is in statistical control or whether there are assignable causes for devia- 
tions of Csy/Cy from the average. If the process is in control, all points 
full within control limits, indicating that further improvements are con- 
\ingent on changes in the process. Points outside limits indicate an assign- 
able cause. One such cause is crystalline misorientation. This variable 
has been eliminated in this analysis by excluding data from crystals of 
visible misorientation. The data are seen to be in statistical control with 
(hree-sigma limits of +36 per cent. These limits are too wide to serve as 
oflicient production standards for most crystal requirements. However, as 
more data become available and as refinements are made in the growing 
process, it is expected that the limits will decrease. Some aspects of the 
process which currently contribute to departures of Cs/Cmu from the aver- 
awe are cited later in this chapter. A more extended discussion of such 
atutistical control methods will be found in the ASTM Manual on Quality 
Control of Materials, 


_ * ig, 58, + Katimated, 
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Fig. 7-9 Doping curve for predicting resistivity when x = 0.25 in 100-gram pro- 
gramed crystals. 
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Fig. 7-10 Preliminary control chart for fifty-gram programed crystals doped with 
0.1 per cent arsenic; X = Cs/Cy when x = 0,25; n = 4. 
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Comparison of data from crystals grown with different doping alloys re- 
veals non-random variations, illustrating a need for more accurate defini- 
tion of the alloys. Uncertainty as to the true values for yu, and pp may 
contribute to these variations. Data from crystals of different sizes repre- 
sent different populations; hence, they should be treated separately in 
analysis. 


7.2.2 n-p JUNCTION CrystTaLs. Crystals containing n-p junctions are 
produced by growing a part of the crystal from an n-type melt and the 
remainder from p-type material. The transition is made by dropping a 
gallium pellet into the melt at a prescribed time. The resistivities of in- 
terest are those adjacent to the junction. A common resistivity range for 
n-regions is 1 to 10 chm-cm, and for p-regions, 0.1 to 1.0 ohm-cm. 

Considering the n portion of the crystal, resistivity need be specified 
only for that region near the junction. The calculation of the Cy required 
will nonetheless be identical with that for single-conductivity type if (1) a 
rate-of-pull program is used to provide a region of constant C's, and (2) the 
junction is made somewhere in this region, i.e., if the Cs corresponds to the 
desired p. If other programs are used, then the constant, B, in (7-4) will 
be specific for each point in the crystal, as well as for each program and 
cach crystal geometry. In this case, it is necessary that the junction fall 
at the point for which B was determined. 

In doping with gallium, it is desired to produce in the crystal the excess 
of gallium which will provide the specified p resistivity. The guiding prin- 
ciple here is that one gallium atom compensates one arsenic atom. That 
is, there is no net electrical effect from the presence of one atom of each 
type in the crystal. In converting a crystal from n-type to p-type, then, 
it is necessary to add one gallium atom to compensate each arsenic atom, 
und enough more to provide the requisite excess. If the total gallium con- 
centration required in the crystal is C’s, then the excess is C’s — Cs, which 
is related to the p= resistivity by 


C’s — Cs = 1/pqup 
C's = Cs + 1/pqup (7-5) 


C's is the arsenic concentration corresponding to the n resistivity (7-3). 
‘The term, 1/pqup, is calculable from the specified p resistivity and hole 
mobility; hence, C’s can immediately be determined. 

The gallium concentration required in the liquid, Cz, to incorporate C’, 
atoms gallium per cm® in the crystal is given (Appendix III, Sec. 7.6) by 


Cr = C’s/kett (7-6) 


where Kory is the effective distribution coefficient for gallium in germanium. 

If the volume of the liquid at the time of doping is known, the necessary 
amount of gallium alloy can be determined directly from Cy. In practice 
this volume is estimated, From a grown n-p crystal the volume of germa- 
nium in the p region is determined, and this figure is used in calculations 
for subsequent erystals of similar geometry, ‘The junctions in subsequent 


or 
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crystals are then made at the point during growth when this predetermined 
volume of melt remains in the crucible. The proper point can be estimated 
visually, or, for programed crystals, can be fixed at a point in the cam cycle. 


Sample Calculation. It is desired to grow a 100-gm crystal containing 
an n-p junction with p, = 5 ohm-cm and a p, = 0.5 ohm-cm near the 
junction. Calculate the gallium addition required. 

From (7- 

ee Cs = 3.4 X 10'* atoms per cm? 
From (7-5) 

Cz = 3.4 x 10% +72 « 10" 


= 7.5 X 10! atoms per cm? 
where uy = 1700 cm? volt! sec—.* 


For a rotation rate of 60 rpm, 5/D for gallium = 85 sec/em. If f = 0.002 
inch per sec, f6/D = 85 X 0.002 X 2.54 = 0.43. 


From Fig. 5-12 
ee (kaa & 0.1) 


's/Cr = kere = 0.15 
7.5 X 10'5 
ae eT ea = 5.0 X 10!§ atoms per cm? 


If the junction is formed when there are 75 gm of germanium remaining 
in the melt, the gallium to be added is 


5.0 10'° atoms G 69.7 Ga 
eae HY Se NC ee a OR Ge 
em? 6.06 X 1073 atoms Ga 
Lem 30x 10-7 am G@ 
——_—_ =8, a 
5.4 gm Ge = 


Assuming the doping alloy to be 1 per cent gallium in germanium, this 


lls f 
ae 8.0 X 1073 gm alloy 


7.2.3 n-p-n JUNCTION Crystats. The growth of n-p-n junctions parallels 
that of n-p junctions except that shortly after the gallium pellet is dropped, 
a flake of pure arsenic is added to the melt, converting it back to n type. 
The three sections of the crystal obtained are called n,, p, m2. The con- 
siderations dictating resistivity requirements for the three sections are dis- 
cussed in Chapter 10. In general, pp/pn, should be high, >100. py», is 
usually desired to be of the same order as p,, commonly 0.5 to 5 ohm-cm, 
The width of the p-layer should be small, e.g., 0.001 inch, 

Doping for the n; and p resistivities can be calculated in a manner 
analogous with that for n-p crystals, The p-layer is so thin that resistivity 
measurements are quite impractical except for crystals with wide p-layers 


* Wig. BoB, 
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grown for this purpose. Hence, p resistivity is not in general evaluated 
except by inference from the behavior of devices made from the crystals. 
Since a low pp, (<0.01 ohm-cm) is usually desired, pure arsenic is used to 
form the second junction. The addition is empirical because of arsenic 
lost through vaporization. 

Special control problems relating to the width of the p-layer are dis- 
cussed in Chapter 8. 


7.2.4 Dopine Precautions. There are several features of the growing 
technique which can contribute to deviations from calculated resistivities. 
Implicit in the calculation is the assumption that the only impurity which 
finds its way into the melt is the calculated amount. An error in this 
assumption is reflected in the results. Among the sources of error are 
(1) crucible contamination, (2) high raw-material impurity content, (3) er- 
roneous evaluation of doping alloys, and (4) uncertain mobility data. 

Crucible contamination is particularly suspect after a highly doped crys- 
(al has been grown. Because of segregation of impurities during solidifica- 
lion, the last bit of melt is extremely rich in impurities which may per- 
meate the crucible and contaminate following melts. An example is shown 
in Fig. 7-11. The top curve is the resistivity profile of a test crystal grown 
in a new crucible. After thirteen arsenic-doped crystals had been grown 
in the same crucible, the test crystal was regrown, yielding the bottom pro- 
lile. Several of the intervening crystals, including the last, were doped with 
pure arsenic. Hence, this represents an extreme case. A large percentage 
of the contaminants can be driven off by baking the crucible in the h-f 
field at 1200°C for 10 min. It is good practice always to bake the crucible 
after growing a crystal doped with pure arsenic. 
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Via, 7-11 Tlustration of an effect of crucible contamination, 
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Significant amounts of impurities are seldom found in zone-purified in- 
gots. Normally frozen ingots, however, should be examined for appreciable 
impurity concentrations by the methods outlined in Chapter 1. 

Any error in the determination of impurity content of the doping alloy 
will of course be reflected as an error in resistivity calculation. Uncertainty 
of alloy resistivity or mobility data will lead to this type of error. 

The extremely high vapor pressure of arsenic at high temperatures is a 
potential source of doping error. Doping alloy in contact with the crucible 
during the heating-up period will lose appreciable arsenic, particularly if a 
high-arsenic alloy is used. To minimize this loss, it is well to place doping 
alloy in contact with the germanium rather than with the crucible. Severe 
heating is thus avoided until the germanium melts and the alloy goes into 
solution. If practical, the alloy may be introduced through the pellet tube 
after the germanium has melted. This is particularly desirable when doping 
with pure arsenic. 

Errors in resistivity can also result from violations of the requirements 
for applying doping calculations. A major source of error is non-uniformity 
of crystal geometry during programed growth. In the case of p resistivities 
of n-p junctions, estimates of the volume of liquid at the time of doping 
are subject to considerable error. 


7.3 EVALUATION 


Initial evaluation of grown crystals is carried out to determine conform- 
ance to specifications and to obtain information regarding process control. 
For n-type crystals it consists of resistivity and lifetime measurements. 
The n-p crystals are measured for n and p resistivities. For n-p-n’s, resis- 
tivities of the n, and ng sections and the width of the p layer are deter- 
mined. It is not presumed that these measurements completely charac- 
terize the material, but they do serve as preliminary guides. Additional 
testing is done by those who make devices from the crystals. These tests 
will be described in Chapter 12 together with more complete discussions 
of resistivity and lifetime measurements. 


7.3.1 Resistiviry. Resistivity is the ratio of voltage gradient to cur- 
rent density. A current, J, is passed through a specimen of cross section 
A. The potential, HZ, is measured between two probes of known spacing, L. 
Then 

EA 


oe (7-7) 


p 


In measuring bulk germanium, the term A/L is replaced by a factor derived 
from the current distribution in a semi-infinite solid. This factor is con- 
stant for a given point spacing. Thus 


Es 
Oram 


— where S » spacing factor, 
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Resistivity measurements are of two types: a “four-point”? method for 
use on bulk germanium, and a ‘‘two-point” method for specimens of known 
cross section. The apparatus for each type utilizes two current and two 
voltage probes. The four-point apparatus provides the four probes in a 
lixed position relative to each other. The probe assembly is movable with 
respect to the specimen. In the two-point method, the current probes are 
lixed with respect to the specimen; the voltage probes are movable. All 
measurements are made on surfaces lapped with 600 carborundum powder. 
Voltages are read with a self-balancing potentiometer incorporated in a 
Speedomax Recorder. The high input impedance of this instrument mini- 
mises errors from contact resistance. 

Germanium of single-conductivity type is measured by applying the four- 
point method to half-crystals. The apparatus is shown schematically in 
I"'ig. 7-12. The spacing factor for points equally spaced 0.050 inch apart 





TO 
E SELF-BALANCING 
POTENTIOMETER 


Fig. 7-12 Four-point resistivity measurement. 


in 0.8. Studies have shown little variation in resistivity in a direction nor- 
mul to the direction of growth. Thus a profile of the half-crystal consist- 
ing of measurements each 0.1 inch in the direction of growth defines that 
portion of the crystal falling within the limits required (Fig. 7-3). 

Rosistivities of the n and p sections of n-p junctions can be measured as 
vullined above, or may be determined by the method outlined below for 
tepen crystals. In measuring junction crystals, it should be remembered 
(hat anomalous readings will result as the probes approach the junction. 
‘The junctions serve as barriers which give abnormal current distribu- 
Lions, 

Measurements of n-p-n crystals are made by the two-point method. A 
slice of known thickness is cut from the center of the crystal parallel with 
the direction of growth. This slice is cut into bars of known width on 
which measurements are made. A convenient method of handling the slice 
(uring cutting is to mount it with sealing wax on a glass slide. After being 
oul, the bars can be lapped and measured while still mounted. AIl cutting 
ja done with a water-cooled diamond wheel. 

A wchematic sketch of the measuring apparatus is shown in Fig. 7-13. 
The current probes are silver-plated and make pressure contact near the 
ends of the bar, The voltage probes of spacing L are moved continuously 
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Fig. 7-13 Two-point resistivity and potential-profile measurement. 


along the bar; the voltage is printed on the recorder to produce a con- 
tinuous profile. Resistivity is calculated from equation (7-7). 

The resolution of the measurement is limited by the spacing, L, since 
the resistivity calculated is the average over that length. If the resolution 
is increased by reducing L, severe requirements may be placed on the me- 
chanical stability of the apparatus inasmuch as a small deviation in L 
makes a large error in p. A spacing of 0.010 inch is used with the appara- 
tus shown. The detail desired in the resistivity profile is obtained by select- 
ing one of several speeds for movement of the probes along the specimen. 


7.38.2 WipTH oF p LAYER IN n-p-m Bars. The width of a p layer is de- 
termined from a potential profile of the n-p-n bar. If a voltage of not more 
than 5 millivolts is applied to the bar, the junctions will be ohmic; most of 


the voltage will be divided about equally between the two junctions. That — 


is, each junction will be a region of high field, while the rest of the crystal 
will be essentially field free. Determination of the p width, or more exactly, 
the width of the region between the high fields, can be made by measuring 


the distance indicated on the voltage profile. In practice it is not necessary — 


to restrict the applied voltage to 5 millivolts. Voltages of three or four 
times this amount still show relatively high but unequal fields across the 
two junctions. The apparatus is shown schematically in Fig. 7-13. Cur- 
rent is passed through the bar to maintain the voltage desired across the 
specimen. One voltage probe is held stationary in the n; region. A second 
probe is moved continuously down the bar while the recorder reads the 
voltage difference. The rate of movement of the probe down the specimen 
can be calibrated in distance. A typical plot of voltage versus distance is 
shown in Fig. 7-14, where the absicssa is distance between the moving and 
stationary probes. The low field at the p region is easily identified between 
the high fields of the barriers. 

The selection of the p boundaries is somewhat arbitrary. Those shown 
in Fig. 7-14 represent outside limits—that is, they include the entire region 
of both transition zones. An alternative selection is between the points of 
maximum slope in the transition regions, 
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Fie. 7-14 Typical potential profile across an n-p-n junction. 


A second method of delineating the junctions, by the deposition of 
wTiOs on the regions of high field, is discussed in Chapter 12. 


7.3.3 Liretime. Lifetime is a measure of the rate at which minority 
varriers (holes in n germanium) decay, i.e., recombine with majority car- 
riers. A rapid method of approximate * measurement consists of injecting 
holes into the specimen and measuring the hole density as a function of 
distance from the point of hole generation. Lifetime is obtained by com- 
paring this experimental function with Hankel functions derived theoreti- 
wally for different lifetimes (Chapter 12). The derivation of these Hankel 
functions assumes negligible surface recombination. ‘This condition is 
uchieved experimentally by giving the specimen a long-lifetime surface 
(reatment prior to measurement. 


74 APPENDIX I—DEPENDENCE OF RESISTIVITY ON 
ARSENIC CONCENTRATION IN n-TYPE CRYSTALS 


Conductivity, or its reciprocal, resistivity, depends on the density of cur- 
rent carriers (holes and electrons) present in the germanium, their charge, 
, and the ease with which they can move around (mobility, u). At room 
lomperature, pure germanium contains a certain density of thermally pro- 
(luced conduction electrons, n;.t For each such electron, of course, there 
exists an associated hole (hole density = p,). The conductivity, o, result- 
ing from these carriers is 0.0167 ohm~! cem~', corresponding to p = 60 
vhm-em, If arsenic is now introduced into the germanium, additional cur- 


* or most design purposes it has hitherto been satisfactory to measure lifetime to 
within a factor of 2, 
| William Shockley, Llectrons and Holes in Semiconductors, pp, 246-248. 
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rent carriers are present (one electron per arsenic atom). The conductivity 
will be the sum of the contributions of each of the carrier types: 


1 
Te OS q(nuwn + Pikp + Nppn) (7-8) 
p 


where Np = donor concentration = atoms As per cm?. 
Knowing that n; = p; and that (Np + m)p; = n,? = constant, an ex- 
pression defining p; in terms of o can be derived. 


(Np + pipe = ni? 
ne — pe 


NG oe (7-9) 
Pt ; 


Substituting (7-9) in (7-8), 
Qype? — opr + i2Gun = 0 


ot Vo? —4 ni, Ln 
yi= 2 a Se eee (7-10) 
2qUp 
From (7-9) and (7-10), Np at any p can be calculated (Fig. 7-8). As Np 
is increased, a point is reached beyond which the contributions of n; and p, 
are negligible; so (7-8) can be approximated by 


1 
-— = Noda 
p 


This expression is the dotted line in Fig. 7-8. It is seen that for p < 10 
ohm-cm the approximation is valid. Since each arsenic atom provides one 
electron, Np = Cg; therefore 

1 


POURn 


Cs = 





It is assumed that any acceptor impurities present are insignificant—a 
reasonable assumption in doping zone-purified material with arsenic. 


7.5 APPENDIX II—THE DEPENDENCE OF ARSENIC CON- 
CENTRATION IN THE SOLID, Cs, ON CONCENTRATION 
IN THE INITIAL MELT, Cy 


The relationship between C's and Cy was derived in Sec. 5.4.1 for a point 
where a fraction, x, of the melt has solidified: 


Cs = kettCu(1 — x)Rott—t (7-11) 


where kere is a function of the equilibrium distribution coefficient, for arseni¢ 
k; the rate of pull, f; diffusion-layer thickness, 6; and diffusion constant, D, 

Tn cases where Koy is continuously varying (as for programed crystals) a 
pseudo Kor (k’ore) can be defined for a point in a crystal, em ay. A’ oe ie 
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that coefficient which, had it prevailed over the growth from x = 0 to 
«x = 2, would have produced the measured Cs at «x = x}. Thus 


k’ese(1 = 21)" ett} = Cs,/Cu 


k’es¢ is a function of the change in f with x, from x = 0 to x = 2, and 
hence, for a given program, is constant from crystal to crystal. The left 
side of the equation is then constant: 


B = (Cs,/Cu (7-12) 


It should be emphasized that a B is valid only for a specific program, a 
specific crystal geometry, and a single rotation rate. In general, it can be 
used to calculate Cg only at the point x = 2,. In practice it is evaluated 
experimentally. 

In the case of crystals programed to achieve constant resistivity over a 
large portion of the crystal, keg in (7-11) is varied with x so that Cg is 
maintained constant. Therefore, a single B will apply over the range of x 
for which Cg is constant. 


7.6 APPENDIX IIJ—RELATIONSHIP BETWEEN GALLIUM 
CONCENTRATION IN THE LIQUID AND THAT IN THE 
SOLID FOR n-p CRYSTALS 


The relationship between gallium concentration in the solid, C’s, and 
and that in the liquid, Cz, is identical with that presented for arsenic in 


Appendix IT: 
C's = Crkets(1 _ x) Fett—1 


where kerp is the effective distribution coefficient for gallium and z is the 
fraction of the melt solidified. 

In growing n-p crystals, this expression is valid for the p region, where 
(',, = gallium concentration in the melt at the junction and x = 0 at the 
junction. Since the region of interest is adjacent to the junction, z is quite 


small; hence ; 
C"s = ketrCr 


hug i8 a function of f5/D where 6/D * is constant for a given solute, a 
given rotation rate, and nominal growth rates. Even in programed crystals 
(he rate of change of f is small, and the region of interest is small; therefore, 
hivee Can be considered nearly constant over this region. If f is known, kegs 
can be read directly from Fig. 5-12. 


SYMBOLS USED IN CHAPTER 7 


A area of interface 

B constant for crystal-growing program 

Cattoy concentration of alloy 

Cy concentration of solute in liquid at point during growth 


* 6 = thickness of diffusion-dominated layer, and D « diffusion constant of the solute 
in molten germanium, 
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solute concentration of original melt 
concentration of solute in solid phase 
density 

crystal diameter, diffusion constant 
rate of withdrawal 

heat of fusion 

effective distribution coefficient 
distribution coefficient for gallium 
distance between two probes 
thermal electron density 

donor concentration 

thermal hole density 

electron charge 

heat input 

sum of heat losses 

spacing factor 

fraction of melt solidified 

thickness of diffusion-dominated layer 
electron mobility 

hole mobility 

resistivity 

conductivity 








i. Cc. LOZIER 


Chapter 8 


CONTROLS FOR 


THE n-p-n CRYSTAL-GROWING MACHINE 


In Chapter 7 it was pointed out that variations in the growing conditions 
can adversely affect a growing crystal in a number of respects. Abrupt 
changes in the growth rate can change its chemical properties or spoil its 
crystal orientation. Regulation of the growth rate was also shown to be 
Hecessary to control the physical dimensions of the crystal. Experience 
lias shown, however, that the most difficult test for stability in a crystal- 
pulling machine is whether it can grow satisfactory n-p-n crystals; that is 


to say, crystals with p layers of uniform thickness. 


A machine that can 


“row such n-p-n crystals consistently will have adequate stability for all 
present crystal growing needs. Therefore this discussion of controls will 
wenter on control of the p-layer thickness in n-p-n crystals. The factors 
influencing p-layer thickness will be analyzed. The controls used in the 
wesent crystal-pulling machine will be described; and the performance will 
0 illustrated by p-layer thickness measurements on a batch of crystals. 


Mt FACTORS INFLUENCING p-LAYER THICKNESS 


‘The analysis will start with a brief review of the procedure for growing 
fiepen crystals. The object is to emphasize the time factors involved in the 
yperation, for the control problem is a dynamic one and the timing is very 
important, As described in Chapter 7, the first part of the crystal is grown 
i) much the same way as an n or n-p crystal. The only significant differ- 
once is that the pulling rate for the n-p-n crystal is 149 mil per sec instead 
of the 1 or 2 mils per sec commonly used to grow other crystals. The 
ronson for this slow pulling rate will become apparent later. Fifteen min- 
tion at this slow rate of draw are required to grow this initial n section. 
(iallium-doped pellets are then dropped into the melt to transform the melt 
into p material, and the p layer is grown. A few seconds later arsenic 
flakew are dropped into the melt to transform it back to n material, and 


the remainder of the erystal is grown. 


This time interval between the dropping of the gallium-doped pellets 
wad the dropping of the arsenic pellets will be referred to here as the doping 


155 


156 PREPARATION OF SINGLE CRYSTALS 


interval. The total growing time for an n-p-n crystal is generally more 
than 30 min. However, the doping interval is less than 20 sec. From the 
control standpoint, therefore, the most critical period is just a matter of 
seconds. 

The ultimate control objective is to have the factors affecting the thick- 
ness of the p layer so well under control that the thickness will be deter- 
mined solely by the length of the doping interval. 

An examination of the problem will show that once the length of the 
doping interval is fixed, the thickness of the p layer depends on two rather 
complex factors. One factor is the length of time that the p material is 
the controlling impurity in the melt, and the other is the average crystal 
growth rate which exists during this critical time interval. The p-layer 
thickness is in fact the product of these two factors, and variations in 
either one can change the p-layer thickness. These two factors will be dis- 
cussed in turn. 


8.1.1 Tue Mrxinc Prosiem. The length of time that gallium is the 
controlling impurity in the melt is not the same as the doping interval be- 
cause of the different lengths of time required for the gallium and arsenic 
impurities to mix uniformly throughout the melt. The attack on this mix- 
ing problem has been twofold. The first approach has been to minimize 
the effect of variations in mixing times by making the average crystal 
growth rate as slow as possible, thereby making the doping interval for a 
given p-layer thickness as long as possible. This is the reason that n-p-n 
crystals are pulled at the unusually slow rate of 40 mil per sec as men- 
tioned above. The second approach has been to shorten the mixing time 
by using more vigorous stirring in the melt, and by the simultaneous intro- 
duction of a given impurity at several points in the melt. 

In the present machine, the stirring is provided by rotating the crystal 
at a rate of 150 rpm, and four pellets are dropped simultaneously at 90° 
intervals about the melt. More stirring would be desirable, as is shown 
later in this chapter. However the amount of stirring that can be used is 
limited by the fact that too much stirring causes crystal misorientation. 
Under these circumstances, requirements on the effective mixing times are 
apt to be meaningless in practice. 


8.1.2 Conrrou or THE GrowTH Rares. Fluctuations in crystal growth 
rate during and immediately after the doping interval also cause variations 
in p-layer thickness. The growth rate in this cerystal-growing process is 
dependent on the motion of the liquid-solid interface which represents the 
boundary between the melt and the crystal. 

In order to discuss the growth rate, it will be assumed that the absolute 
temperature of this interface is always that of the melting point of germa- 
nium. In other words, it is an isothermal surface corresponding to the 
melting temperature of germanium. 

An examination of the growth problem will show that the growth rate 
must correspond to the pulling rate as long as the position of this interface 
does not move as the erystal is pulled from the melt, This suggests that 
there are two aspects to the problem of maintaining a constant growth 
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rate. The first is the mechanical problem of maintaining a constant pull- 
ing rate. The other is the thermal problem of maintaining a uniform tem- 
perature gradient across the liquid-solid interface so that the position of 
the interface will not fluctuate. 

The present design of pulling mechanism is described in Chapter 7 and 
illustrated in Fig. 7-6. The requirements on the pulling mechanism are 
fairly obvious. The withdrawal motion should be smooth enough and con- 
stant enough to move an average of 0.1 mil each second, when set at this 
minimum withdrawal rate. This is primarily a matter of good mechanical 
design and careful construction. 

The desired thermal equilibrium is maintained in this machine by means 
of an automatic temperature control system. The system is a single-point 
temperature control system designed to maintain constant temperature at 
4. point in the sidewall of the crucible. 

Before taking up the subject of the requirements on this temperature 
control system, it would seem worth while to point out why temperature 
control at a point has been substituted for direct control of the gradient 
across the interface. There are three principal reasons. The first is that 
no practical method has yet been developed for measuring the gradient 
I'he second is that it is extremely doubtful whether a control system based 
on any measure of the gradient could be made fast enough to meet the dy- 
humic requirements which will be discussed in the next section. The third 
in that the present system works very well in practice. When the tempera- 
ture is held constant at the sidewalls of the crucible, only two factors have 
heen found that appreciably disturb the gradient. These are fluctuations 
in the flow of hydrogen through the furnace, and changes in the stirring of 
the melt. Both have proved to be manageable once they were recognized 
a# potential sources of error and reasonable precautions taken against them. 


42. AUTOMATIC TEMPERATURE CONTROL 


The subject of temperature control will be divided into two parts. The 
thermal requirements that a successful control system must meet will be 
ilincussed first. Then the design now in use will be described in the light 
of these requirements. 


4.2.1 TeMPERATURE ConTROL REQUIREMENTS. There are both absolute 
und dynamic requirements on the accuracy of the control system. The 
ubwolute accuracy requirements have to do primarily with control of the 
(liameter of a growing crystal. The dynamic requirements are aimed at 
wontrol of the p-layer thickness. 

‘The steady-state relationship between the diameter of a growing crystal 
wid the power input to the thermal system was computed by Bradley 
(Chapter 7), These computations show that, under the assumed conditions 
of growth, a change of 0.2 per cent in the power input will cause the diam- 
tor of the crystal to change by 10 per cent, A similar relationship has 
heen found in practice between the absolute temperature and the average 
oryetal diameter, Measurements on the present n-p-n machine show that 
the absolute temperature.at the sidewall of the crucible should be held to 
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42° in order to maintain a satisfactory crystal diameter when the pulling 
rate is 0.1 mil per sec. This maintenance of the diameter through tempera- 
ture control is important in connection with automatic programing. 

The dynamic requirement arises from the need to maintain a relatively 
constant crystal growth rate in order to control the p-layer thickness. As 
discussed in Chapter 6, temperature fluctuations result in fluctuations of 
the growth rate. Such a transient deviation in the growth rate may be 
thought of as the change in the shape and position of the liquid-solid inter- 
face that must accompany the change in diameter of a crystal in response 
to the change in power input to the thermal system. Furthermore, the 
transient in the growth rate does not die out until the crystal diameter has 
stabilized at the equilibrium diameter corresponding to the new power input 
level. 

A quantitative measure of the sensitivity of the p-layer thickness to an 
abrupt change in temperature at a point in the melt has been obtained ex- 
perimentally on the present machine. The results indicate that a drop in 
the average temperature in the melt over the doping interval of approxi- 
mately 0.6° is enough to double the p-layer thickness. It also follows from 
this that a rise in the average temperature of 0.6° is enough to prevent the 
growth of a p-layer. 

From these considerations it is apparent that the temperature control 
system must be capable of recognizing and correcting for fluctuations in 
the temperature rapidly enough to hold the average temperature at the 
control point to better than 0.6° over the doping interval of interest. Fur- 
thermore, since the transient in the growth rate may not die out until 2 or 
3 min after the temperature change that caused it, and since the p layer 
must be protected from the melting back of the crystal in response to sub- 
sequent temperature increases, the temperature control system must main- 
tain this accurate control of the temperature over a period of several min- 
utes. 
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For design purposes this dynamic requirement on maintaining the aver- 
age over a given interval of time will be translated into a frequency band- 
width requirement on the transmission around the control loop of the con- 
trol system. This can be done by noting the following fact. The average 
value of a sine wave will become small when the averaging interval includes 
a number of cycles of the wave. Obviously, therefore, the averaging proc- 
ess serves to discriminate against errors on a frequency basis. Fig. 8-1 
illustrates this fact by showing a plot of the maximum error versus fre- 
quency that a sine wave can contribute when averaged over an interval 
equal in length to one cycle of frequency f4. fa has no significance other 
than the fact that the averaging interval equals 1/f4. On this basis it is 
argued that a satisfactory servo system must provide positive control 
action * at all frequencies below f,, if it is to control the average over an 
interval equal in length to one cycle of f4. Obviously, the control will be 
a Ol if the bandwidth of the control system is raised to include 2/4 
Or oJ 4. 

‘This frequency bandwidth requirement is relatively easy to apply in 
practice because of the relationship between the useful frequency band- 
width of a feedback control loop and its self-oscillating frequency. The 
relationship used here is to the effect that servo systems of the type used 
on this machine can be made to provide positive control action at all fre- 
(juencies below approximately one-half the frequency of self-oscillations of 
the feedback control loop. This self-oscillating frequency can be readily 
(letermined just by increasing the gain of the control loop until it oscillates 

l'hese frequency considerations suggest the following dynamic criterion: 
 kervo system cannot satisfactorily control the average over a period of 
which is shorter than twice the period of self-oscillation of its control 
oop. 

The application of this dynamic criterion to the temperature control 
problem under discussion is straightforward. If the minimum doping inter- 
val to be used is 6 sec, the period of the self-oscillations of the control system 
should be less than 3 sec. 


8.2.2 DESCRIPTION OF THE TEMPERATURE ConTROL System. The tem- 
perature control system used in this machine falls into the general category 


of carrier-controlled relay servos.t This type of servo was chosen because 


il is particularly applicable in cases where high speed of response is impor- 


(unt, It has the added virtue of simplicity. The only moving parts in the 
sytem are the relay and the temperature recorder. 


lig. 8-2 shows a block schematic diagram of the control:system. The 





* On a feedback control system the ratio of the uncorrected i 
al any frequency is such that aoa 
5! 
6) lias 


whore wa is the transmission around the loop at the fr equency in quest jon I he system 
tar ney . 

will he wald to p ovide positive cont: ol action at an fr equency for WwW ic - is 

‘ : : 1 iy 1 , hich 1/(1 uB) is 


| ‘The theory of carrier-controlled relay servos is discussed in J, GC. Losier, “CO 
e Sorvo Systoms,” Bleo, Bny. Vol. 69 (Doo, 1950), ae ue 
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Fig. 8-2 Block schematic diagram of control system. 


diagram shows that the system has two closed loops, designated as the 
control loop and the auxiliary feedback loop. The performance of the sys- 
tem is determined primarily by the transmission characteristics of the con- 
trol loop. The function of the auxiliary feedback loop is to modify the 
transmission characteristic of certain components of the control loop, in 
order to improve the over-all performance. The control loop will be de- 
scribed first, as though there were no auxiliary feedback loop. Then the 
modification introduced by the auxiliary loop will be considered. 

The temperature-sensing element is the thermocouple in the sidewall of 
the crucible. This thermocouple, together with the cold junction, supplies 
a voltage nearly proportional to the temperature at the thermocouple. A 
portion of this voltage is biased out, and the remainder is amplified and 
applied to an automatic temperature recorder. Selection of the desired 
temperature is made by the operator at the recorder. The recorder is ar- 
ranged to produce an error voltage which is proportional to the difference 
between the measured temperature and the desired temperature. This 
error voltage is fed through a combining network, amplified, and used to 
control the operation or release of a relay. The contacts of this relay serve 
to turn the r-f generator on and off. The r-f output supplies the heat to 
the furnace. The cooling of the furnace is supplied primarily by the hydro- 
gen which continually flows through the furnace. The temperature at the 
thermocouple in the sidewall of the crucible is the result of these combined 
heating and cooling effects. The thermocouple closes the control loop by 
supplying a voltage proportional to its temperature, as described above, 

Without the auxiliary feedback loop, this control loop will function as a 
simple on-off temperature-control system, Since the relay is-very fast and 
has no neutral position, the rf power ix either on or off, and this simple 





Chapler 8: CONTROLS FOR THE n-p-n CrystaL-Growinc MAcHINE 161 


control loop will oscillate about the desired temperature. If the heating 
effect of the r-f power during the “‘on’’ period is well matched to the cooling 
effect of the hydrogen, the system will oscillate about the desired tempera- 
ture in such a way that the power is on approximately 50 per cent of the 
time. Under these conditions the transient response of the system will be 
symmetrical to temperature errors of either polarity. 

It has been found in this case that the highest frequency of oscillation is 
obtained in this system when the 10-kw r-f generator is adjusted for maxi- 
mum output power during the “power on” condition, provided of course 
that the rate of flow of hydrogen is adjusted to balance the heating and 
cooling rates. This was to be expected, since a power analysis will show 
that when the response of a system is limited primarily by inertia, the 
speed of response is roughly proportional to the cube root of the effective 
power. 

In relay servos of the type used here it is a relatively simple matter to 
make use of the maximum available power to overcome the thermal inertia 
of the system. The period of the self-oscillations of the control loop under 
these conditions is approximately 134 sec. The amplitude of the self-oscil- 
lations is approximately +2°. The rate of flow of hydrogen through the 
furnace is approximately 14 cu ft per min. 

The auxiliary loop provides for local feedback around the amplifier, the 
relay, and the r-f generator components of the control loop. The beta 
path of this auxiliary loop starts from an r-f pickup coil coupled to the r-f 
heating coil in the furnace. The output of the pickup coil is rectified to 
produce a voltage proportional to the r-f output level of the generator. 
This voltage is filtered and combined with the temperature-error signal 
{rom the recorder in the combining network. The band-pass filter in the 
beta path is designed so that this auxiliary feedback loop oscillates at ap- 
proximately 10 cycles per sec. 

The addition of the auxiliary loop serves to improve the control loop in 
several ways. First, the 10-cycle oscillations can be used as a carrier to 
linearize the relay and to provide a gain-control adjustment for the trans- 
mission around the control loop. By adjusting the amplitude of this 10- 
cycle carrier, the control loop can be transformed from the simple oscillat- 
ing control system described above to a stable linear control system, and 
the control loop gain can be set at any desired number of decibels below 
the oscillating point. In this case, a slightly underdamped transient re- 
sponse was desired, and a control loop gain adjustment which was 10 db 
below the oscillating level was chosen. A second effect of the auxiliary 
feedback loop is an improvement in the transmission-vs-frequency charac- 
(oristic of the control loop which shortens the period of its self-oscillations 
from 134 see to 14% sec. The local feedback loop also provides direct con- 
(rol of the fluctuation in the r-f generator output level, without waiting 
for these fluctuations to affect the temperature at the thermocouple. 


8.2.8 PwrrorMANCH OF THE TEMPERATURE ConrRoL System. The dy- 
namic performance of the system in maintaining the average temperature 
over Gesec doping intervals should be very good, since the period of self- 
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Fia. 8-3 Transient recovery of system. 


oscillations of the control loop is 144 sec. This is better than the design 
objective suggested above, which was to make this period less than 3 sec. 
The system will hold the deviations of the recorded temperature from the 
control setting to within +0.2° under all anticipated operating conditions. 
The drift of the absolute temperature from the recorded temperature is 
within +1° for a 12-hr period. 

The transient recovery of the control system in response to a short inter- 
ruption in the 60-cycle power applied to the r-f generator is illustrated in 
Fig. 8-3. When the power is turned off, the temperature falls at the maxi- 
mum cooling rate of 10° per sec. When the power is restored, the tem- 
perature re-approaches the control setting at the matching heating rate of 
10° per sec; it overshoots the control setting by approximately 1°, under- 
shoots it by 0.4°, and then essentially stops at the control setting. The 
total elapsed time for the overshoot and undershoot is less than 2 sec. 
This transient response is highly non-linear because of the limitations on 
the heating and cooling rates. Such non-linearity of transient response is 
typical of all servo systems where the power available to correct for a step 
change is limited. The dynamic criterion was presented here on a frequency 
basis rather than on a transient basis because of the difficulties in interpret- 
ing the performance when the transient is non-linear. However the tran- 
sient response should always be used as an over-all check on the perform- 
ance, for no one measure is infallible when the system is non-linear. 


8.3 CRYSTAL-GROWING PERFORMANCE 


The performance of this machine in growing n-p-n crystals is illustrated 
by the results of a reproducibility test in which ten crystals were grown 
under nominally uniform conditions. A skilled operator grew the first part 
of these crystals from the seed through the rapidly expanding diameter 
stage until, in his judgment, the diameter had stabilized at the proper 
value and the temperature setting he had chosen was right for continued 
growth at this diameter, The pulling mechaniam was set in each case for 
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a nominal rate of draw of 0.1 mil per sec. Then the crystal growth was 
continued for 15 min under these conditions, before the pills were dropped. 
A doping interval of 15 sec was used in each case. Five minutes after the 
last pills were dropped, the operator took over again, and used his own 
judgment in pulling the rest of the crystal. A vertical slice was then cut 
from the center of the crystal. This slice was cut into bars, and the thick- 
ness of the p layers was measured by the probe test on at least three bars 
from each crystal. This probe test is described in Chapter 7. 

Fig. 8-4 shows the results of the p-layer thickness measurements on 
these ten crystals. The bars of each crystal were numbered from 1 to 10, 
in the order of their relative positions across the slice, so that the bar num- 
ber represents the relative position of the bar in the crystal. 

To summarize the results, every bar in each of the ten crystals had a p 
layer. The thirty bars for which the thickness measurements are given in 
I'ig. 8-4, showed an average thickness of 2.0 mils and a standard deviation 
of 0.54 mil. However, it should be pointed out that the accuracy of these 
probe test measurements is only about 0.2 or 0.3 mil at best. It was con- 
cluded that these results were good enough to warrant the start of factory 
production with this type of machine in its present state of development 





THICKNESS IN MILS 





CRYSTAL = | -__,——_- 
BAR 1 BAR 6 BAR 10 
v48 2.0 2.3 
vag 1.6 1.6 
v50 1.5 2.2 
v5i 2.4 1.9 
vs2 2.0 2.0 
v53 1.5 1.4 
vV54 1.7 2.0 
Vv55 2.5 2.5 
V56 1.0 1.3 
V57 1.3 1.6 





Fia. 8-4 Table of p-layer thickness measurements. ’ 


44 PRESENT STATUS OF THE GROWTH OF n-p-n 
STRUCTURES 


On the present machine, n-p-n crystals with p layers that meet the pres- 
ont specifications of 0.5 mil to 8 mils in thickness can be grown with a yield 
of over 90 per cent, However, the yield drops appreciably when the doping 
jntorval is reduced from 15 sec to 6 see in an effort to grow thinner p layers. 
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Fig. 8-5 Sample of pulling rates and temperatures used at various stages in the 
growth of an n-p-n crystal. 


Experiments indicate that the yield at this shorter doping interval will in- 
crease as the rate of stirring is increased. 

Programing techniques have been developed that automatically control 
the growth of the entire crystal without the intervention of a skilled opera- 
tor. Fig. 8-5 shows a typical program of pulling rates and relative tempera- 
tures at the control thermocouple that an operator might use at the various 
stages of growth of an n-p-n crystal. The four successive stages indicated 
here are (a) the seed-growing stage, (b) the expanding crystal stage, (c) the 
slow growth-rate stage when the p layer is grown, and (d) the completion 
of the crystal. Presumably in automatic programing the pulling rate and 
the temperature will follow a similar pattern. 
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Chapter 9 


PRINCIPLES OF DEVICE DEVELOPMENT 


9.1 INTRODUCTION 


The rapid growth of the field of transistor electronics, with its expansion 
in the number of potentially useful applications, has created an unusual 
demand for sizable quantities of different types of transistor, some of which 
are still undergoing fundamental development. These facts have brought 
ubout the unusual situation wherein an attempt is being made to teach 
(ransistor technology at a much earlier stage than was usual in older related 
fields such as vacuum-tube electronics. 

Because of this situation, information on all aspects of a complete deyice 
(echnology is not available; moreover, much of the available information 
in necessarily not fully developed to a point where it is suitable for large- 
scale manufacture. Nevertheless, the present need for large-scale produc- 
tion requires that use be made of that development information which is 
available. 

‘lo make clear the precise status of this information, the present chapter 
will attempt to describe, in functional form, the logical principles entering 
into the design, fabrication, and test of transistors. Transistor electronics 
in first codified into ‘stages’, or types of work, to make clear just which 
areas are treated by the present volume. In each stage, the degree of 
vompleteness to which the work has been carried is also classified into 
“orders” which are useful in judging the status of particular developments. 

Within this general framework, the particular functions of transistor de- 
yolopments will be described to make clear the interdependence of design 
(hoory, design experiment, device fabrication, and device measurement for 
porformance, reproducibility, and reliability. The details of fabrication 
and measurement technology are thereby fitted into a larger picture which 
should aid in understanding and improving them. It is hoped that such 
an integrated picture, even if presented only in brief outline, will enable a 
oritical evaluation to be made of the function and state of the information 
to be presented in subsequent chapters; it is further hoped that it will 
stimulate workers in the field to fill the obvious gaps where important in- 
formation is completely missing, 

1607 
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Fia. 9-1 Schematic diagram of research and development stages leading to a 
new communication system. 


9.2 METHOD OF STAGES, PHASES, AND ORDERS: 
ASSUMPTIONS 


The development and design of electron devices, such as tubes or tran- 
sistors, and their subsequent application in the development of complex 
communication systems, require the integration of a number of specialized 
functions exercised at a number of specialized stages. Fig. 9-1 is a simpli- 
fied schematic diagram of the four essential stages of work necessary to the 
complete development of new communication systems. The guiding prin- 
ciple of these specialized stages is that they are segregated according to 
the primary role which they perform in the process, and not necessarily 
according to the specialized structure or facilities which are employed to 
perform those functions. Fig. 9-1 illustrates the primary flow of informa- 
tion and artifacts, forward and backward, through these specialized stages. 
The feedback paths which become operative as the exploitation develops 
provide error-correction features which insure cooperation of all stages 
towards a common broad goal. 


9.2.1 Four Essentiat Sraaces. The solution of any scientific problem 
involves first analysis and then synthesis. In a very general way, each 
stage has similar jobs but at a different level of analysis and synthesis, 
Thus, we speak of systems analysis in the systema stage, as distinguished 
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from circuit analysis or device analysis in the circuit or device stage. 
Analysis consists of breaking the whole down into its components to some 
appropriate degree of fineness and thereby relating the function of the 
whole to the various functions of its structure, i.e., in essence the job 
of analysis is to relate function to structure in the broadest possible sense. 
One of the outgrowths of analysis is the hypothesizing of ‘“‘structural 
models” of the whole and the development of a theory which relates the 
functions of the whole to the function of the parts of the “structural 
model.” Analysis can proceed down to the ultimate level at which the 
number of component parts becomes very large, or it can stop at some 
intermediate level, depending upon the particular synthesis or design 
which is to be accomplished. Synthesis, on the other hand, is the process 
of judiciously putting together certain combinations of parts into a spe- 
cifie structure to perform certain specific functions. It utilizes the results 
of the theory of analysis which relates function of the whole to functions 
of the structural parts. , 

Consider first the functions of the last stage. The systems engineer 
must analyze his whole system structure down to the level of system com- 
ponents such as amplifiers, modulators, detectors, or oscillators (for trans- | 
mmission systems); i.e., he must by analysis determine how the over-all sys- 
tem functions depend upon the performance of each part of the system 
wtructure. Then, presented with the need for certain prescribed system 
performance, he must synthesize a complete system from appropriate sys- 
tem components. Such appropriate components may already be available 
to the systems engineer from previous work. On the other hand, the new 
aystem requirements may lead to component functional requirements not 
wurrently available; hence, this leads to requests for such system compo- 
nents to be fed back to the previous stage of network engineers, thus creat- 
ing a new problem for this team in the circuit stage. 

Consider now the functions of the third stage—network or circuit engi- 
neering. Here analysis must be carried down to the level of resistors, in- 
ductors, capacitors, relays, electron tubes, transistors, etc., and must de- 
termine how the over-all functions of amplifiers, modulators, etc., depend 
typon the individual characteristics of the tubes, impedors, transistors, ete. 
which compose the structure of the system component. Here again, syn- 
(hesis of a new system component to new specified functions may require 
new circuit apparatus, thus giving rise to a request to be fed back to the 
device development or research stage. 

In the second or device stage, the functions are again analysis and syn- 
(hesis, but now down to a new and more fine-grained level. Analysis is 
wed to establish the general relationship between the network functions 
of the piece of apparatus (such as a transistor) as a whole, and the proper- 
ilies and geometry of the material composing its structure. Synthesis of 
new electron devices by means of such analysis towards a specified set of 
network characteristics may well call for material properties not currently 
available, or may call for understanding of fundamental phenomena not 
currently available, In such a case requests are fed back to physical- 
chomical research engineers, 
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Finally, it is the function of research to analyze all the way down to 
physical ultimates. By hypothesizing models of structure they must de- 
velop the relationships between the important functions of materials (and 
some key devices) and the properties of the “structural model.” It is their 
additional function (just as in the later stages) to synthesize new materials 
(and some basic devices) having new properties, as well as new theories to 
explain physical phenomena. 

For clarity in the above discussion, only one method of originating ac- 
tivity was discussed—the fed-back request. This method is very important 
when activity is well developed in each stage. However, especially in the 
early stages of exploitation (but also at all other times), two other methods 
are important. 

If the exploitation in a given field is new, activity in later stages is 
stimulated by new concepts, theories, and materials passed on from the 
previous stage. This is well illustrated by device development activity 
being stimulated by the invention of the transistor, and the development 
of new theories of semiconductors by the research physicists. 

Ideas may also be generated within a given stage through a knowledge 
and an anticipation of what is needed in a later stage plus the knowledge 
of what might be possible within the realm of structure and function of 
the stage itself. 

One further important common function of each stage has yet to be de- 
scribed. The importance of loop feedback between stages has already been 
emphasized in order to insure over-all cooperative effort between stages in 
working towards a common goal. The last remaining function is really the 
analogue of local feedback applied to each stage; it can best be illustrated 
by example. 

Consider the synthesis of a transistor to a set of required characteristic 
functions originating either in apparatus development itself or fed back 
from some circuit or system study. In order to provide a check on the 
use of any design theory and the degree of success of the process of syn- 
thesis, it is necessary for device engineers to devise methods of measuring 
the network functions prescribed in the specification. The actual meas- 
urement of these network functions (such as open-circuit impedances) and 
their comparison with the desired objective then provide information for 
correcting the further analysis and synthesis if the result is not at first 
satisfactory. 

Similarly, in the field of system engineering, the system engineers must 
measure the over-all system performance themselves in order to compare 
the results of their efforts with those desired. In the same sense, in the 
synthesis of materials to prescribed electrical characteristics such as resis- 
tivity and carrier lifetime, the instrumentation and measurement of these 
properties is an important self-correcting and guiding part of the materials 
development process. 


9.2.2 PHases AS Specrric Funcrions. To summarize, the common 
functions of. all these stages, differing only in the level at which analysis 
stops and synthesis begins, are as follows: 
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(1) to formulate functional requirements on the whole; 

(2) by analysis, both theoretical and experimental, to establish general 
relationships between the functions of the whole and the properties 
of the structure, or rather, its hypothesized model; 

(3) to explore methods and develop means for synthesizing a structure 
having specific required functions; and 

(4) to develop and use instrumentation to measure the actual functions 
produced by synthesis, to compare these to those desired, and to 
apply this error information to correct the analysis and synthesis of 
structures. 

‘The four specific functions defined above will hereafter be called phases. 


9.2.3 SuccesstvE OrpInAL Staces. The development process can be 
said to proceed in a manner analogous to the operation of a feedback or 
servomechanism, in which there are successive round trips through the 
several phases and stages with various feedback loops resulting in succes- 
sively higher orders of refinement. This procedure is continued until 
engineering judgment says that further technical refinement is uneco- 
nomic. It is useful to codify the process in ‘‘orders” to clarify the status 
of the development at any time. The first attempt at a solution to the 
over-all goal is termed a zero-order approximation. That-is: 


‘THE ZERO-ORDER SYSTEM STAGE consists of system analysis based on 
a priori knowledge of system and apparatus. 
Results: Zero-order requirements on system components such as am- 
plifiers, filters, counters, etc. 


‘lH ZERO-ORDER CIRCUIT STAGE consists of analysis and development 
of transistor circuits based on existing or extrapolated transistor charac- 
teristics and circuit art. 
Results: Zero-order transistor requirements, and zero-order circuit de- 
signs which work independently and satisfy zero-order system com- 
ponent requirements. 


‘11 ZHRO-ORDER DEVICE STAGE consists of exploratory analysis and de- 
velopment of transistors without too much concern for yields and relia- 
bility. 
Results: Zero-order designs and performance characteristics for tran- 
sistor structures, and zero-order specifications on material properties 
and fabrication processes. 


‘l') ZHRO-ORDER PHYSICAL-CHEMICAL RESEARCH STAGE consists of ex- 
ploratory analysis, synthesis, and evaluation of new transistor physical 
theories and new semiconductor materials. 
Results: Zero-order theories consisting of theoretical models for new 
phenomena, materials, and devices in semiquantitative agreement with 
experimental findings; zero-order processes for synthesizing materials 
with new desired properties, and zero-order evaluation of these proper- 
ties, 
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The end result of this first trip through the various phases of the four 
stages is attained when all zero-order functions of the system analysis have 
been synthesized, each performs separately its desired function, and the 
system itself performs recognizably when its separate functions are all as- 
sembled. Thus the zero-order solution may be called a feasibility proof in 
the sense that a workable (but in general far from optimal) system has 
been synthesized from circuits, devices, and materials which can be and 
actually have been produced. 


In the second round trip through the four stages, the results of the first 


trip are now used to refine the solution at each stage and lead to what is 
termed a first-order solution. 

For example, in the first-order system stage, a re-evaluation of the sys- 
tem and its operation is undertaken. In general, the zero-order solution 
will be unsatisfactory for a number of reasons. Yield may be poor, proc- 
essing may be prohibitively costly, margins inadequate, or reliability too 
low. Attention is now given to the amelioration of these shortcomings and 
to the improvement of the system operation. Resulting from this study 
are refinements or revisions on the circuit requirements which, if met, will 
guarantee that the system will operate reliably and with comfortable mar- 
gins, and that it can be built with acceptable yield and at tolerable cost. 

In the first-order circuit stage, new refinements and even new circuits 
may be indicated; new and more comprehensive requirements on devices 
will most certainly result. In addition, several alternative circuits for a 
given function may be considered and the best may be chosen. 

In the first-order device stage, refined designs and fabrication processes 
must be developed to the point where the first-order device requirements 
can be met with reasonable yields; moreover, refined first-order require- 
ments on the material properties will most certainly result. 

Finally, in the first-order research stage, processes for fabricating mate- 
rials must be further refined to the point where feasibility is proved of 
meeting the first-order material requirements; moreover, the basic under- 
lying physical theory must be developed to the point where it will serve 
the device engineer in quantitative analysis of his projected first-order de- 
vices; i.e., it must be possible to construct a design theory relating device 
characteristics to device structure on a useful quantitative basis. 

The end result of the first-order round trip through all the phases of the 
four stages will be a system which works tolerably well and with reasonable 
margins, and which is reasonably reliable. Still, in many respects the sys- 
tem will not yet be optimal, and it should be emphasized that, generally, 
further work of a higher order than the first is needed on all stages before 
development for manufacture of materials, devices, or systems can be said 
to have been completed, and before manufacturing information and speci- 
fications can be prepared. However, as was stated earlier, only engineering 
judgment based on many factors such as cost, urgency of applications, and 
performance required can determine at what order development ceases and 
production begins. 

In this present volume, it will be assumed that the system and circuit 
stages of transistor electronics have already been treated, at least insofar 
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as zero-orders and first-orders are concerned. Consequently, no material 
is presented on deriving or justifying, in the circuit and system sense, re- 
quirements on the various transistors under development. This course is 
in keeping with the objective of limiting the scope of this book to device 
technology. 

It will further be assumed that the fundamental physical theory of elec- 
trical conduction in semiconductors has been adequately treated in pub- 
lished papers and books. In particular, the book by Dr. Shockley * ade- 
quately covers that portion of the first stage (research) which relates struc- 
ture to function of both materials and devices. Moreover, Shockley’s book 
provides a good portion of the groundwork for constructing design theories 
for many types of transistor. 

The first eight chapters of this book on technology have correspondingly 
treated, at least through zero-orders and first-orders, that remaining por- 
tion of the first research stage having to do with the technology of germa- 
nium materials and their synthesis into single crystals of desired properties. 

With two exceptions the remaining chapters have as their purpose the 
presentation of information concerned entirely with the second stage (de- 
vice development). Most of the information in these chapters has reached 
first-order development as defined above. Chapter 21 presents second- 
order and higher-order information on the device stages of development. 


0.3. OUTLINE OF DEVICE DESIGN, FABRICATION, AND TEST 


In the previous section, four basic phase functions common to all stages 
of transistor electronics were listed. These functions will now be discussed 
in somewhat more detail with particular emphasis on their application to 
the second stage, that is, to transistor development per se. Fig. 9-2 is a 
schematic diagram depicting these four phases for device development. It 
will be useful in further discussion and evaluation of the completeness of 
material to be presented in the following chapters. 


9.3.1 Paasz I—FormuLaTION OF REQUIREMENTS ON THE CHARACTER- 
istics oF TRANsisTors. The first function, that of formulation of per- 
formance, reliability, and reproducibility requirements, is usually a joint 
responsibility of the circuit and device engineer. The division of respon- 
nibility between the two depends upon the state of the art and the newness 
of the device under study. 

In most cases in a going, well-developed field, where the general charac- 
(oristies of devices are well known to circuit engineers, the requirements 
on the circuit properties of electron devices will be forthcoming from sys- 
(om and circuit studies as a result of work done in these stages as outlined 
above. In a new field such as transistor electronics and also in going, well- 
developed fields, it is frequently essential for the device engineer to effect 
4 compromise between what is optimally desired by the circuit engineer 
and what is achievable with good reproducibility, reliability, and reasonable 
yields within the framework of currently available technology. 


® William Shockley, Hlectrons and Holes in Semiconductors, D. Van Nostrand Com- 
pany, Ine, Princeton, N, J, 1950, 











174 PrincipLes oF Device FABRICATION 


To this end, it is most helpful to have a simple but necessary and suffi- 
cient set of parameters to characterize the circuit behavior of the transis- 
tor, independeat of its environment. The purpose here is to concentrate 
attention upon the limitations inherent solely in the transistor and its as- 
sociated technology by eliminating considerations of particular circuits or 
of other parts of the system. 


4 REQUIREMENTS 
TO CIRCUIT FROM CIRCUIT TO CIRCUIT 
ENGINEERS ENGINEERS ENGINEERS 


FORMULATION 
OF 
REQUIREMENTS 


ANALYSIS- 
DESIGN THEORY 
AND 
EXPERIMENT 
(N+1)ST on 
ORDER FIRST--- NTH 
SOLUTION ORDER 
SOLUTION 


SYNTHESIS- 

FABRICATION 

TECHNIQUES 
AND PROCESSES 


MEASUREMENT— 
INSTRUMENTATION 
AND 
TEST 





SPECIFICATIONS AND MANUFACTURING 
INFORMATION TO PRODUCTION 


Fic. 9-2 Schematic diagram of transistor development phases. 


Typical of such sets of parameters useful for describing the linear be- 
havior of transistors are the four-pole “short-circuit admittances” or 
“open-circuit impedances” and their associated equivalent circuits. Fre- 
quently, device figures of merit derived from these parameters can be em- 
ployed to advantage in showing how the various device structural param- 
eters can be adjusted in relative fashion to achieve an optimal solution for 
a given system function. Examples of such figures of merit are available 
power gain, gain-band product, and power-band product, all of which can 
be expressed soely in terms of the device parameters independent of the 
system environment. By means of such device parameters and their de- 
rived figures of merit, it is therefore possible to translate a-given system 
functional requirement, such as gain or bandwidth or both, into a set of 
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integrated requirements on the characteristics of the device alone, inde- 
pendent of the varied circuit environments in which it might be used. 

The formulation of requirements on device characteristics for pulse or 
switching service is not in such a well-established classical state. In par- 
ticular, such operation is distinctly nonlinear, and the derivation of a nec- 
essary and sufficient set of device parameters to characterize such opera- 
tion completely has yet to be accomplished. Nevertheless, it will develop 
that a workable, if not unique, solution has evolved for many such pulse 
functions so that a useful set of device parameters can be defined for such 
pulse service. 

In still less complete form is the specification of the reliability character- 
istics of electron devices. Just as the over-all performance characteristics 
of a transistor or tube depend both upon the device and its circuit environ- 
ment, so also do the over-all reliability characteristics of a tube or transis- 
tor depend upon the nature of the device and its physical-chemical environ- 
ment. To date this problem has been solved only in rather incomplete form. 

In the specification of linear performance it is possible to give the device 
characteristics uniquely such that its linear performance in any arbitrary 
network environment can be predicted. In principle, but somewhat more 
difficult in a practical sense, this is also true for its non-linear or pulse be- 
havior. However, as reliability figures of merit are defined today, it is 
very difficult to achieve such a specification even in principle. 

lor these reasons, the tentative first-order specifications on transistors 
now under development are complete only insofar as specification of their 
linear characteristics is concerned; less complete and still evolving are the 
specifications on transistor pulse characteristics. Reliability specifications 
will be discussed in Chapters 26 and 27. 

It should, of course, be stated that present specifications attempt to 
reach a reasonable compromise between what is desired by the circuit and 
wystem engineers, on the one hand, and on the other hand what device 
engineers can provide at reasonable yields and costs with presently avail- 
able technology. It is, of course, possible that large-scale manufacture 
may demonstrate that present design centers and tolerances will have to 
be revised downward and widened. On the other hand, as the science and 
technology of transistors advance, it is to be expected that performance, 
reproducibility, and reliability specifications can be greatly improved at 
reasonable costs. 

No further discussion of this first function of formulation of require- 
ments will be forthcoming in later chapters of this book. The degree to 
which this function has been completed by the device engineer will become 
apparent from later chapters in which measurements of performance, re- 
producibility, reliability, and fabrication yields are presented. 


0.3.2 Puase II—Anatysis or TRANSISTOR StrucTuRES: Design THE- 
ony AND Expwrimenr. The second function of device development (Fig. 
(2), that of analysis, consists of a choice of type of device and subsequent 
unalysis to relate the performance properties of the device to its structure 
and material properties, Such a choice must usually be based on both 
(heoretical and experimental knowledge of the existing state of the art, 
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The end result of this second function consists of a choice of type of struc- 
ture and its associated design based on theoretical or experimentally derived 
relationships between its external characteristics and its internal structure 
and material properties. 

The user of the device is interested not only in the circuit characteristics 
of the device, but also in their reproducibility from unit to unit. He is also 
vitally interested in the rate of change of these electrical characteristics 
with respect to time, temperature, shock, vibration, and other changing 


external environmental conditions of use; i.e., he is interested in achieving 


a certain predictable reliability. In the largest possible sense, therefore, 
any design formulae, be they theoretically or experimentally derived, 
should supply quantitative relationships between all of the important de- 
vice external characteristics and the structural and environmental variables 
which determine performance. More concisely, for any given device struc- 
ture, design theory must establish relationships of the type shown func- 
tionally in (9-1): 


Zu = uv(S1, 82, §3, °°", Sn, b1, be, bs, ms bm) (9-1) 


where Z,, might be one of the four open-circuit impedances of the tran- 
sistor. The variables s; represent structural and process variables which 
are nominally under the control of the design and production engineers i 
examples of such variables might be junction spacing, geometry, resis- 
tivity, and minority-carrier lifetime of the semiconductor; properties of 
the etching method, etc. The variables b; represent the various d-c 
biasing currents and voltages at which the device may be operated; 
their nominal values are also selected by the designer, as guided by various 
performance requirements. A complete physical-chemical design theory 
of transistors would, by definition, be able to supply the designer with 
all such theoretical relationships needed to specify completely the cir- 
cuit performance of the device. For some types of transistor, particu- 
larly those of the junction type, it is possible to derive such analytical 
expressions for most of the presently important circuit properties in terms 
of the structural material and process variables, s;, and the operating biases, 
b;, of the device. Some of these results will be summarized in Chapter 10 
to aid in understanding certain choices of designs and fabrication methods 
of existing junction transistors. However, for point-contact transistors it 
is not yet possible to establish such satisfying relationships based entirely 
on hypothesized theoretical models and subsequent application of physical 
theory. To a large extent, this situation stems from an inability to meas- 
ure precisely the effect of electrical forming on the material properties, 
such as resistivity, carrier lifetime, and the extent of the regions which are 
formed. This, then, prevents the establishment of a sound check between 
theoretical models of the structure and measurable experimental results, 

It is, however, possible to establish such design relationships as (9-1) en- 
tirely from properly conducted statistical experiments.* In the next chap- 


*E. B. Ferrell, “The Control Chart as a Tool for Analysing Experimental Data’, 
Proc. Inst. Radio Engrs. Vol, 89 (1951) pp, 182-187, 
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ter, an example is given of how the design relationship between 7, the 
feedback resistance, and point spacing may be established by both theory 
and statistical experiment. 

In principle, if all design relationships of the type shown in equation (9-1) 
were available, it would be possible to calculate the variations in the circuit 
characteristics from device to device as functions of the variations in the 
structural and process variables. If the distribution functions of the struc- 
ture and process variables can be specified or measured, it is then possible 
in principle to specify the distribution functions for the circuit character- 
istics of a family of devices of the same type and thus predict and control 
the reproducibility of device characteristics. However, in practice it is usu- 
ally not possible to so proceed because (a) complete design theories are 
not yet available and (6) it is difficult to measure the distribution func- 
tions of the large number of structural and process variables. Rather, 
what is usually done is again to apply the methods of statistical experi- 
ment not only to determine the stability and reproducibility of a given 
process and design, but also to establish a stable process upon which to 
operate and thereby work out experimentally many of the design criteria 
of the form of equation (9-1). Important points in the procedure are as 
follows: 


(1) Choose a set of standard reference conditions, including a standard 
structure and standard processes for production of devices to test. 

(2) Devise a method of measurement under standard environmental 
conditions which will give consistent and reproducible results. 

(3) Take a group sample of several measurements a number of times. 

(4) Use the information on the spread between measurements in the 
samples to provide a measure of the inherent stability of the cause 
system being studied. 

(5) Hae this procedure to determine by control-chart methods 
whether statistical control has been attained; if not, seek and elimi- 
nate causes until control is attained. 

(6) Carry out this procedure first with respect to the measurement tech- 
nique and second with respect to the device itself to provide a stand- 
ard set of conditions which can be used as an anchor. 

(7) Finally, introduce variables and assess the significance of their effects 
in relation to the standard conditions, using control-chart methods 
of analyzing the data. 


‘These principles will be further illustrated in a later chapter where they 
are used to measure the reproducibility of characteristics of transistors in 
4, pilot production process. tat 

Another important relationship involving the generalized parameters Z,, 
has to do with aging changes of the parameter values. Thus 


as 8i(€1, €2, &3, °°", en) (9-2) 


where the e’s are environmental variables such as temperature, humidity, 
shock, vibration, ete, An example of the dependency of one of the ’8 on 
one of the e’s would be the variation of point spacing or pressure with tem- 
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perature. Another might be the development of a surface layer with altered 
conductivity as the result of humidity exposure. It will be recognized, of 
course, that not all the s’s are dependent on subsequent environment. For 
example, the composition of the etching solution has no such dependence. 

Aging occurs as the environment-dependent structure variables change 
because of exposure to environment. Thus 





dZy OZds,; AZ ds OZ dsp 
a PURO TO ret ghee eee (9-3) 
dt Os; at O8q at Os, dt 
where 
FL 90 ) 9 
— = fi (€1, €2, €3, + °°, en -4 
ad 1, €2, &3 (9-4) 


Determination of the forms of the functions f; by the application of physi- 
cal and chemical knowledge is limited for the present by the inadequacy 
of present-day information. However, some empirical relationships are be- 
coming available as the result of aging tests, and in many cases the de- 
signer is able to make statistical predictions of the following sort: “If you 
operate this device at such-and-such a set of b’s and under such-and-such 
a combination of e’s, then there is a so-and-so probability that the device 
will continue operable for at least M thousand hours.” 


9.3.3 Passe III—Synrussis or TRANSISTOR STRUCTURES: FABRICATION 
AND PROcESSING. Actually, the process of synthesis of a transistor to 
prescribed characteristics involves the successive and repeated application 


of all four functions depicted in Fig. 9-2. As shown in Fig. 9-2, on the — 


first round trip through the device phase, when the zero-order device solu- 
tion is being sought, the problem begins with some zero-order requirements 
on the device characteristics based upon preliminary circuit analysis and a 
knowledge of the existing state of the art. Analysis then proceeds for the 
purpose of choosing and evaluating a zero-order design that appears amena- 
ble to fabrication in the light of the zero-order requirements. The next 
step is to test the first guesses of the designer and the results of his analysis 
by building actual physical models of his preliminary design. This third 
phase involves the exploration of methods and development of means for 
fabricating the device on a basis that will lead to reproducible results in 
the sense of statistical control. Frequently, in the early stages of this third 
function, manipulator techniques will be extremely valuable and will make 
possible the rapid exploration of varied mechanical and chemical processes, 
Eventually, however, the designer must settle on a specifiable process capa- 
ble of turning out fairly large samples of presumably similar devices so 
that questions of performance, reproducibility, and reliability may be put. 
sued experimentally. 

The fabrication techniques presented in Chapters 11 through 20 are the 
result of zero-order and first-order development activity on a number of 
types of point-contact and junction transistors. Since the number of types 
is too large to present complete details on each one, and since many of the 
fabrication processes are common to all types, the material has been in 
grated according to a generalized flow chart which applies remarkably w 
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to all types of devices studied to date. Such a “generalized flow chart”’ is 
presented in Fig. 11-2. Again, since the number of transistor types is large, 
Chapters 11 through 20 will present complete details of all steps in this 
chart for only the following two transistors: 


(1) A typical cartridge-encased point-contact transistor, to illustrate 
problems pertinent to point-contact transistors in general. 

(2) A typical hermetically sealed n-p-n junction transistor, to illustrate 
problems pertinent to junction transistors in general. 


9.3.4 Poass IV—MerASUREMENT OF TRANSISTOR CHARACTERISTICS. 
The last phase of device development, that of instrumentation and meas- 
urement, provides the error signal which is fed back to the input of the 
device development stage (see Fig. 9-2) to modify the program for the 
higher-order solution of the next round trip. In Chapters 22 and 23 the 
principles of characterizing the electrical properties of transistors by means 
of device parameters and equivalent circuits will be reviewed, and the sta- 
tistical nature of specifications will be emphasized. Methods of measure- 
ment are still rapidly evolving. Chapters 24 and 25 will present the de- 
tails of methods of measuring the small-signal, pulse, and large-signal 
characteristics now under development. It should be emphasized that 
the methods described have been satisfactory through first-order and pos- 
sibly second-order development work, but it will become apparent that 
further development is required to provide instrumentation suitable for 
very large-scale manufacture. 


9.4 SUMMARY 


The basic steps of device development and design have been presented 
in functional form in an attempt to provide a framework into which the 
material of previous and subsequent chapters can be fitted. Since transis- 
tor electronics is still not complete in any of its phases, it may be hoped 
that this outline will aid in the evaluation of the material to be hereafter 
presented as well as pointing out important areas in which little material 
oxists as yet. 

Chapters 10 through 25 present device development results which are 
believed to be of first-order in the sense defined in Sec. 9.2; i.e., transistors 
can be made reproducibly at reasonable yields with useful circuit charac- 
teristics. Reference to Fig. 9-2 will emphasize that the results of zero-order 
and first-order transistor development work must be fed back to the device 
development input stage and, most important, to the circuit engineering 
stage for evaluation and revision of circuit requirements on the device. 
Moreover, at this point, studies of device reliability in actual circuits and 
systems can be started to obtain more realistic formulations of reproduci- 
bility and reliability requirements. 

Usually at the end of first-order device development, requirements can 
be made sufficiently complete upon second-order circuit study to warrant 
(aking “specific design and development for manufacture” as an objective 
of second-order device development, Under such circumstances, the four 
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Chapter 10 


A DESCRIPTIVE SUMMARY OF 
THE DESIGN THEORY OF TRANSISTORS 


10.1 USEFULNESS OF DESIGN THEORY 


In fabricating a transistor, the objective is to build a structure which 
will perform certain desired electrical network functions. Toa degree, an 
understanding of the relationship between device physical structure and its 
electrical function is necessary for a full appreciation of the fabrication 
process. Even a qualitative conceptual picture of the electronic functions 
inside a transistor is nearly indispensable as an aid to learning the manu- 
facturing art. 


10.1.1 Derinitions: Design THEORY oF PERFORMANCE, DEsiGn THE- 
orY OF RELIABILITY, AND Design THEory or REPRODUCIBILITY. Since 
any electrical device of this sort is to be used in a circuit in conjunction 
with other network elements, it seems logical to postulate that the elec- 
trical performance description will be in the language of networks or equiva- 
lent circuit parameters. For continuous-wave, linear-type circuits, the de- 
vice characteristics are connected to the over-all circuit. performance by 
known linear circuit theory, so that it is a comparatively straightforward 
task of circuit analysis to determine exactly the part which the device 
plays. For nonlinear circuits there is at present no classical circuit theory, 
so that the separation of device and circuit is less clean. Accordingly it is 
somewhat more difficult to discover what electrical parameters should best 
be used to characterize the performance of nonlinear devices. However, in 
principle there always exists an electrical characterization of a device, 
linear or nonlinear, such that any devices having those characteristics, no 
matter what their physical structure, will function similarly in the intended 
application. Specifically, the device will usually be regarded as character= 
ized by its small-signal equivalent circuit; but other characterizations will 
also be used. 

The electrical performance so characterized depends, of course, first upon 
the physical structure of the device and secondly upon the conditions under 


which it is used, The many independent variables which bear on the de«_ 


vice operation may be divided into three classes: 
12 
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(1) Structure variables s;, so, +++, 8, and bias variables b;, bg, -- 5 bm 
which characterize the configuration of the device and the way it is 
intended to operate. Examples are resistivity, lifetime, geometry, 
and electrical biases. ; : 

(2) Environmental variables ¢;, ¢2, --+, ¢; which characterize the condi- 
tions under which the device is used. Examples are ambient tem- 
perature, time, mechanical shock, and vibration. : 

(3) Statistical fluctuations fi, fo, ---, fz which cause the units produced 
to have a range of properties rather than absolute uniformity. These 
variables are characteristic of the manufacturing process, and are 
usually unidentified. 


The analytical problem breaks nicely into three parts corresponding to 
these groups of s, e, and f variables. The theory relating electrical per- 
formance to the structure and bias variables is called the design theory of 
performance. It is of prime concern to the designer; for these variables, 
the ones with which he works in creating the device, are to be considered 
pretty directly under his control. Formally, if for the moment the per- 
formance is supposed specified by the open-circuit impedances Zw, then 
(he design theory of performance is a set of functional relationships which 
tay be written 


Zw = Zw(81, 82, °°", Sn; bi, be, awd i) (10-1) 
lor example, the impedances of transistors depend on resistivity, lifetime, : 
“wometry, and electrical biases. In these relationships, the environment is 
supposed to have some prescribed normal condition or range of conditions. 


The performance range is ultimately limited by the environmental con- 
ditions of use. Assuming that performance is satisfactory under normal 
vonditions, the device will continue to be reliable for some range of environ- 
jmontal variation, but will become unreliable if the range is extended too 
far, Accordingly, the dependence of performance on the environmental 
variables is called the design theory of reliability. Usually the environment 
entors implicitly by affecting the values of structure or bias variables: 


8; = 8;(€1, €2, «++, &) (10-2) 


lor instance, temperature affects transistors mainly by affecting the resis- 
\ivity, mobility, and other variables which control performance. But the 
wnvironment may also enter explicitly: 


Ziy aa Zw (81, see, Sn; bi, Sayer) Om; @1, °°", €;) (10-3) 

I‘inally, the structural properties are always affected. by the inevitable 

ianufacturing fluetuations, and this part of the theory is called the design 
theory of reproducibility: 

8; = Si(fi, fo, +++, Sx) (10-4) 


‘Vho fluctuation variables are best dealt with by the method known as 
quality control, It often happens, particularly in the early stages of develop- 
jwent, that even important process variables may not have been identified. 
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When such important variables are uncontrolled, they often change enough 
to affect the quality of the output. Process improvement then consists of 
identifying the important variables, measuring them, and placing controls 
to hold their fluctuations to acceptable values. When the fluctuation varia- 
bles are thus held in a statistically steady condition, the process is said to 
be “in control.” Such a controlled process will turn out a universe of units 
whose statistical properties do not change with time. 

The output of a controlled process fluctuates, since the underlying varia- 
bles are merely limited, not constant. To accuracy sufficient for practical 
purposes, the output fluctuations usually follow the Gaussian exponential 
or normal law of probability, which assumes that the fluctuations are the 
result of random variations in the underlying process variables. The out- 
put fluctuations may be plotted continuously on a control chart, in which 
control limits are drawn. On a purely random basis, it is highly unlikely 
that the process will exceed the control limits. When the limits are in fact 
exceeded, it is much more likely that one of the underlying variables has 
inadvertently gone out of control, and action consists in discovering which 
one and putting it back in control. When a process is in control, one must 
accept its output as the best that can be done with that process. Should 
it happen that the spread of characteristics is undesirably large, then a 
substantial change in the process is necessary. Either important unknown 
variables exist which must be identified and controlled, or else control 

_tmoust be tightened on the known variables, to reduce fluctuations. 

This separation of the theory into the three parts of performance, relia- 
bility, and reproducibility promotes a systematic approach with some sav- 
ing in effort. In the early stages of development, main emphasis is on per- 
formance under normal conditions, with reproducibility and reliability kept 
very much in mind but in a subordinate position. As the device moves 
closer to practicality, the emphasis on reproducibility and reliability in- 
creases and finally becomes dominant when the device is used in the field, 

In this chapter, discussion concerns the design theory of performance, 
that is, the quantitative relationships between the electrical performance 
characteristics of the device and its physical structure and electrical oper- 
ating conditions. It is assumed that the device is used in some suitable 
standard external environment. 


10.1.2 Rote or Design THEORY IN CONTROLLING PRopERTIES. The 
usefulness of a quantitative design theory is obvious. From it can be deter= 
mined suitable materials, geometrical configurations, and methods of oper- 
ation in order to attain desired electrical characteristics of performance and 
reliability. The significance of the various steps of the fabrication process, 
and of limits and precautions needed for reproducibility, is clarified. Physi- 
cal limitations are also apparent, which may require compromises, for exam= 
ple between gain and frequency response, or between stability and speed of 
transient operation; optimum designs are thereby facilitated. The theory 
is also helpful in assigning tolerances or limits to the device structural 
parts in order that various units made by the same process may be inter 

changeable in electrical behavior, 
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10.1.3 NEED FoR BREAKDOWN INTO ELEctTRONIc Functions. In any 
devices except the very simplest (and even for most of these) if accuracy 
is required, it is necessary to proceed from function to structure by more 
than one stage. The operation is first broken down into simple functions 
such as, in the case of transistors, collection, emission, or transport. When 
the breakdown is sufficiently fine, each elementary function may then be 
analyzed into its dependence on physical variables, after which a synthesis 
will give the over-all properties of the device. Particularly for complex 
devices the resolution into electronic functions is an important aid to intui- 
tive understanding in terms of physical concepts; it gives insight into the 
meaning of formulas which might otherwise be unintelligible. 


10.2 METHODS AND ASSUMPTIONS 


As applied to transistors, the foregoing general considerations lead to 
the following method of attack. In order to establish an intuitive under- 
standing of the electronic functions needed, the behavior of a junction 
transistor triode is resolved into such electronic functions, and broadly 
compared with a similar resolution of a vacuum-tube triode. This vacuum- 
tube analogy is useful as a guide to behavior, both for electronic functions 
and for circuit performance. Each function is then treated separately to 
describe its dependence on the physical performance variables. The em- 
phasis here is on description and physical understanding, mathematical re- 
sults being quoted where available from references. 

In order to keep the operational significance of the electronic functions 
in the foreground, they are described in groups, each group appropriate to 
a device, in order of increasing device complexity. First, diodes are de- 
scribed, with the functions of rectification, collection, and injection; then 
triodes, which use these and the additional functions of control and trans- 
port; then conjugate emitter structures, the operation of which is closely 
related to that of tetrodes or to collector multiplication in triodes, and 
which exhibit, not new primitive functions, but a greater number of func- 
(ions interacting simultaneously. 

Since for each type of device it is intended to relate electrical perform- 
ance to physical structure, the discussion assumes as given the geometry 
und the physical properties of the materials. For example, it assumes the 
existence of holes and electrons, and it assumes that the semiconductor 
material has known resistivity, lifetime, mobility, trap distribution, etc. 
lor simplicity the geometry is at first assumed one-dimensional (planar 
symmetry), so that the analysis applies quantitatively to certain junction- 
(ype units; semiquantitative remarks on point-plane geometries also occur 
{rom time to time. Strictly, the planar approximation would assume con- 
atant bulk material and neglect the effect of certain important surface 
properties. Actual units with finite dimensions must have external bound- 
aries, at which surface properties like recombination velocity may have 
important effects, To a first approximation, these effects may often be 
treated within the framework of planar analysis by assigning effective 
values of the bulk properties; for instance, the major effects of surface 
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recombination may be considered equivalent to an appropriate decrease in 
bulk lifetime. More accurate approximations would have to take account 
of the actual variations in two or more dimensions. 


10.3 BREAKDOWN INTO ELECTRONIC FUNCTIONS: 
DESCRIPTIVE 


The operation of a junction transistor triode is now described in broad 
terms to bring out (1) the resolution of the action into simple electronic 
functions, and (2) the broad similarity to a vacuum-tube triode as an aid 
to understanding. 

A schematic diagram of an n-p-n junction transistor is shown in Fig. 
10-1(a). Broadly the action is as follows: the collector junction C is biased 
in the blocking direction (collector positive), so that in the absence of emit- 
ter action it draws only a very small current of minority carriers, these 
being electrons from the base region p and holes from the collector region 
n-. When the emitter junction FH is biased in the forward direction (emit- 
ter negative), it emits into the base region p a comparatively large supply 
of electrons, most of which diffuse to the collector junction and are col- 
lected forthwith. The number emitted is under the control of the base po- 
tential, which nevertheless draws only a small portion of the emitted cur- 
rent to the base electrode. Since the control function can be exerted at a 
relatively low power level, while the collection function can deliver higher 
power, the device can have a considerable amount of power gain. 

A comparable description of the vacuum-tube triode shown in Fig. 
10-1(b) is similar. The plate, or collector electrode, draws little or no cur- 
rent in the absence of cathode emission; but when the cathode (emitter) is 
biased in the forward direction with respect. to the effective potential of 
the control grid, the resulting supply of electrons emitted into the vacuum 
is drawn to the plate and collected. Gain potentialities are present here 
also because the collection function can deliver more power than is required 
for the control function. 

The similarity in function between tube and transistor makes for enough 
similarity in circuit behavior to provide a useful conceptual guide. The 
similarity is, of course, not exact. Probably the most important differences 
in detail are (1) that the control electrode (base) of the transistor must be 
biased forward, drawing some current, while the tube grid can often be 
negative, drawing practically no current, at least at low frequencies; and 
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Fig. 10-1 (a) Schematic diagram of n-p-n junction transistor; (b) comparable 
vacuumetube triode, , 
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(2) that the transistor charge carriers proceed largely by diffusion, and the 
tube carriers by drift in the electric field, so that for comparable spacings 
the tube is much faster. 

Returning to design considerations, the action of both units is now re- 
solved into electronic functions which can be somewhat localized in the 
unit and which can be characterized by numbers, as follows: 


(1) Collection, the primary function of the collector electrode, which 
function is localized in a small region surrounding the collector junction. 
In the collection process it is necessary to distinguish between the primary 
current of minority carriers approaching the junction on the one hand, 
and on the other hand, the total number of carriers of both types flowing 
across the junction. For some important cases these currents are not the 
same, so that during collection the minority carrier current is effectively 
multiplied by a factor a; Consequently, electrical features pertinent to 
the collector include: (a) the intrinsic collector multiplication factor a, 
which is the ratio of the number of carriers flowing across the barrier to 
the number of minority carriers approaching; and (b) the collector admit- 
tance, which at low frequencies is the shunt combination of a resistance r, 
and a capacitance C,. 

(2) Emission, the primary function of the emitter electrode, which func- 
(ion is localized in a small region surrounding the emitter. Here also it is 
necessary to distinguish between two currents. The total number of car- 
riers flowing across the emitter junction consists both of minority carriers 
injected and majority carriers withdrawn from the base layer. Of these, 
only the fraction y which are injected as minority carriers partake usefully 
in the active behavior of the device. Consequently, electrical features per- 
(inent to the emitter include (a) the emitter efficiency y, which is the ratio 
of the number of minority carriers injected into the base layer to the total 
number of carriers flowing across the emitter junction; and (b) the emitter 
udmittance, which at low frequencies is the shunt combination of a resist- 
ance r, and a capacitance C;,. 

(3) Transport, the primary function associated with the base region be- 
(ween emitter and collector. A pertinent factor here is the transport factor 
fi, which is the differential ratio of the number of minority carriers arriving 
at the collector to the number leaving the emitter. Both an amplitude and 
a phase shift, i.e., both a magnitude and a delay, are to be associated with 
fi, The base layer also has an electrical resistivity which contributes to the 
equivalent circuit element rp. 


Certain less important functions which have been ignored here also con- 
ivibute to the circuit quantities mentioned; for example, storage of carriers 
i the end zones or in transit through the base region contributes to the 
emitter capacitance and to the base resistance rp, and resistance in the end 
regions of the unit is additive with the corresponding junction impedances. 
lurthermore, not all effects which may be of circuit importance have been 
mentioned, However, it has now been illustrated how the operation of a 
complex device can be broken down into elementary electronic functions, 
- ‘Two steps remain to be taken, The first is to relate these elementary 
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functions to the physical structure and properties, as will be done for the 
diode in Sec. 10.4. The second step is to use these relationships as com- 
ponent building blocks to synthesize the properties of the complex devices. 
In synthesizing it is often a useful approximation to consider that the 
regions and functions are independently separable, so that after compara- 
tively simple calculations a synthesis can be effected. For example, the 
n-p-n triode is regarded for purposes of analysis as a pair of diodes, emitter 
and collector, electronically coupled in cascade. Each diode is associated 
with a single electronic function of the complete device, and carries out 
this function in a manner very similar to that of a corresponding diode iso- 
lated by itself. The major interaction between the diodes involves the 
transport of carriers from emitter to collector. To a higher approximation, 
the proximity of each diode somewhat affects the functional action of the 
other, as will be discussed in Sec. 10.5. 


10.4 ELECTRONIC FUNCTIONS IN THE PLANAR p-n DIODE 


Detailed discussion leads off with the diode for simplicity. The diode is 
of interest not only for itself and its usefulness as rectifier, modulator, 
switch, photo-element, voltage limiter, wave shaper, etc., but also as a 
building block for more complicated devices. The situation is reminiscent 
of the high-frequency vacuum-tube analysis for which Llewellyn and Peter- 
son used diodes as building blocks for the transit-time theory of multielec- 
trode tubes (Ref. 1).* The planar or one-dimensional geometry simplifies 
the analysis, just as in the tube case. 


10.4.1 Broap Description oF Diopr Action. A sketch of a junction 
diode, Fig. 10-2(a), shows at the right a p region conducting mainly by 
positive holes and at the left an n region conducting mainly by electrons. ft 
When biased in the forward direction (p end positive) the unit draws a 
comparatively large current, because the voltage is in such polarity as to 
attract both positive holes from the hole-rich p region and negative elec- 
trons from the electron-rich n region across the junction. On the contrary, 
when biased in the reverse direction (p end negative) the unit draws very 
little current; here the crude explanation is that the polarity is such as to 
attract across the barrier only the sparse minority carriers from each side. 
Since it draws more current one way than the other for the same voltage, 
such a unit is a rectifier; it can be a very good one indeed, rectification 
ratios exceeding a million being attainable. 

When biased in the reverse direction, the junction acts as a collector, 
that is, minority carriers injected into either side sufficiently close to the 
barrier can reach it by drift or diffusion and be collected by the field across 
the junction. Consequently such a junction is photosensitive to light of 
wavelength sufficiently short, because the light excites electrons from the 
valence band to the conduction band, thus creating hole-electron pairs (i.e., 


“The references cited are listed at the end of this chapter, 

t+ The diagram of Fig, 10-2(a) is not to be confused with that of a two-junction 
triode, Tt representa a pen junction in which the width of the transition region (barrier 
layer) in greatly exaggerated for purposes of dinoussion, 
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Fig. 10-2 Diagrams illustrating action of planar junction diode. 


minority charge carriers) on whichever side of the barrier the light falls. 
When biased in the forward direction, the junction is an emitter, since the 
motion of charge carriers is such that holes enter the n side while electrons 
enter the p side. Finally, under forward bias the minority carriers which 
have been injected can be stored for a while in the end regions if their life- 
time is long enough, and a certain number can be recaptured across the 
junction if the voltage is quickly reversed. This function of storage often 
acts circuitwise much like a capacitance across the junction. 

‘hese electronic functions and a few other features of the diode are de- 
scribed more quantitatively in the next sections. 


10.4.2 Diopr Recrirication. In the diode discussion below, which is 
intended to be descriptive rather than analytic, the intention is to bring 
oul the quantitative information now available in the form of formulas 
and to point out the significance of these relationships for design purposes. 
In addition, some attention is paid to the physical mechanisms in order to 
make the formulas plausible and to aid in remembering them. Derivations 
of the formulas are to be found in the references, mainly the book by 
Mhoekley (Ref, 2). 

The formulas given are not the most general, but have been selected for 
maximum simplicity and most direct bearing on bulk junction diodes, 
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These diodes have high rectification ratios and use material of relatively 
long lifetime, so that recombination may be neglected in the barrier region 
(but not elsewhere). It is assumed also that the bulk properties of resis- 
tivity and lifetime control the situation; surface effects are at first neglected, 
and later considered qualitatively. To a first approximation, effects such 
as surface recombination can be considered by using an “effective value” 
of the corresponding bulk property. , 

In accordance with the general remarks above, the design theory of 
diode performance should relate the electrical properties to physical struc- 
ture and operating conditions. The physical structure to be analyzed is 
assumed in terms of geometry and material properties. The geometry will 
usually be assumed planar (the so-called ‘‘n-p junction diode’’), with a few 
remarks now and then on point-plane geometries. The material properties 
considered given are the bulk conductivity, ¢, and the bulk lifetime of 
minority carriers, 7. ‘ 

The electrical properties, which may be determined empirically without 
reference to the physics, are shown schematically in Fig. 10-3. The cur- 
rent-voltage characteristic shown has three regions or types of behavior: 
the low-impedance forward characteristic, the high-impedance reverse char- 
acteristic, and the voltage breakdown region where, for high enough back- 
voltage, the differential impedance falls again to low values. The simpli- 
fied small-signal equivalent circuit, valid at low frequencies, shows a con- 
ductance g which turns out to be associated with the rectifying barrier, in 
series with the resistance 7, of the rest of the unit. The barrier conductance 
g is shown shunted by two capacitances, Cr and Cs, associated respectively 
with charge storage near to and far from the barrier. The problem of 
design theory is to relate electrical characteristics such as these to the 
physics, to the end that controlled quantitative optima may be designed 
and synthesized. 

The physical action of the diode is illustrated in more detail than before 
in Fig. 10-2(f). Here is shown a diagram of the energy levels in the region 
of the barrier when the diode is in equilibrium, drawing no current. The 
minus signs symbolize conduction electrons, and their arrangement is in- 
tended to convey the idea that there are many more electrons at low elec- 
tron-energy levels than at high. Broadly, electrons tend to sink to the 
bottom of the diagram. Correspondingly the distribution of holes (plus 
signs) shows a much larger population at low hole-energy levels; but since 
the holes are oppositely charged to the electrons, they tend to float toward 
the top of the diagram. ; 

In equilibrium, the p side contains mainly holes, while the n side contains 
mainly electrons. Consequently there must be a potential difference (i.e., 
a contact potential difference) between the two sides; for if there were 
not, the populations would quickly be equalized by diffusion. The contact 
potential corresponds to the bending of energy levels as shown in the 
diagram. The contact potential difference is just enough so that the small 
population of minority carriers in each side is in thermodynamic equilib- 
rium with the small number of highly energetic majority carriers in the 
other side, 
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lia, 10-3 Electrical behavior of p-n junction diode: (a) static characteristic; and 
(b) small-signal equivalent circuit. 


There are then two equilibrium currents for each kind of carrier present, 
which are in equilibrium. On account of the high concentration of carriers 
on the side where they are in the majority, there is a forward diffusion cur- 
rent tending to cross the barrier toward the minority side. However, on 
account of the electric field in the barrier, there is an equal and opposite 
backward drift current of carriers from the minority toward the majority 
side, The diffusion current of holes forward across the barrier is balanced 
by the drift current of holes being collected backward across the barrier: 
und similarly for electrons. : 

Although these currents are in balance when the junction is in equilib- 
rium, still they are differently affected by an external bias applied across 
the barrier so as to vary the potential difference between the two sides. 
‘The backward drift current of minority carriers being collected is nearly 
unaffected because this component of current is flowing in the direction 
favored by the field; it is limited by the number of carriers arriving at the 
harrier on the side where they are in the minority; these minority carriers 
are attracted across the barrier and collected in essentially the same man- 
ner, regardless of whether or not there is an externally applied field. The 
forward current, on the contrary, is strongly affected by the applied poten- 
tial, Consisting as it does of majority carriers diffusing against the field 
af the barrier, the forward current consists only of those few survivors 
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which by random collision have acquired enough energy to cross the bar- 
rier. Since even a small change in barrier height causes a sharp change in 
the number of carriers able to surmount it, the forward current is dependent 
upon applied voltage, with a rapid exponential variation. 

When the junction is biased in the forward direction (p side positive), 
the internal contact potential difference is reduced, allowing many more 
electrons to diffuse across the barrier and therefore increasing the concen- 
tration of minority electrons on the far side. In exactly the same way, 
the reduced barrier causes the concentration of minority holes next to the 
barrier on the other side to be likewise increased. These excess carriers 
flow out into the body of the material, principally by diffusion. The for- 
ward current therefore consists mainly of minority carriers which have 
been injected into both sides. As they progress from the barrier, the minor- 
ity carriers recombine, so that the minority concentration at a distance 
tends to return toward the thermal equilibrium value. The consequent 
density gradient maintains the diffusion current from the barrier. 

Under reverse bias the internal barrier is heightened for both holes in 
the p side and electrons in the n side. For appreciable reverse bias, the 
diffusion current of majority carriers is entirely prevented. However, the 
small residual current of minority carriers back across the barrier remains 
unaffected; for this residual back-current is limited only by the rate at 
which minority carriers diffuse to the barrier. Consequently such an ideal 
junction, when biased appreciably in the reverse direction, exhibits a con- 
stant “saturation” current independent of the applied bias voltage. When 
the diode is less ideal, the backward characteristic may have a finite slope, 
as explained in Sec. 10.4.3. 

The general shape of the current-voltage characteristic is exponential, 
because such is the dependence on barrier height of the forward current 
diffusing against the barrier electric field. From further considerations one 
can also see that there are reactive effects (voltage-dependent capacitances) 
associated with the diode, as follows. 

The first reactive effect is associated with charge storage near the junc- 


tion. Since there is a contact potential difference across the barrier, there + 


must be a double layer of charge near it as suggested in Fig. 10-2(d). When 
the lifetime of minority carriers is long, this charge corresponds to an “‘ex- 
haustion layer” in the junction in which there are only a few mobile carriers 
present, and consequently the charge density of the donor and acceptor 
ions is uncompensated.* As a result, the shape of the charge distribution 
depends on how the impurity ions are distributed. For a “graded” junc- 
tion, which changes from p type to n type gradually, the double layer corre- 
sponds to a linear variation of uncompensated charge for a short distance 
each side of the barrier. For an “abrupt” junction at which the conduc- 
tivity changes from n to =: all at once in a single step, the exhaustion layer 


* Note that the space-charge layer is exhausted only when the junction is biased in 
the reverse direction, Under forward bias the junction contains more than the equilib- 
rium number of carriers, The resulting high gradient of carrier density produces the 
diffusion current which can overcome the opposing fleld of the contact potential, thereby 
producing a net current in the forward direction, 








Chapter 10: Descriptive SuMMARY OF DeEsIGN THEORY OF TRANSISTORS 193 


has constant charge density for a short distance each side; in general, the 
constant charge density on one side differs from that on the other. 

The thickness of these space-charge layers of course increases when the 
contact potential is augmented by an external potential drop across the 
barrier. The additional charge required appears circuitwise as a capaci- 
tance across the junction, known as the transition-region capacitance or 
barrier capacitance because the corresponding stored charge is located very 
near the junction. This capacitance is voltage-dependent in the same way 
as the reciprocal thickness of the charge layer, namely as V—” for a graded 
junction and as V~” for an abrupt junction. 

The second reactive effect is associated with charge storage in the end 
zones. When the diode is biased in the forward direction, the minority 
carriers which have been injected into the end zones, together with the 
enhanced number of majority carriers which neutralize them, constitute 
charge stored within the unit ancillary to its operation. Consequently 
there appears in the equivalent circuit at low frequencies a “‘storage”’ ca- 
pacitance Cg across the junction. For diodes in which the forward current 
is carried principally by diffusion, this capacitance is nearly proportional 
to the forward current, i.e., exponential in the forward applied voltage. 
Since the charge corresponding to Cg is stored in the end zones relatively 
far from the junction, the effect of charge transit time comes in in such a 
way that at high frequencies the junction admittance is no longer a simple 
conductance in shunt with a capacitance; or in other words, the forward 
conductance g and capacitance Cg are both dependent on frequency. 

‘This brief discussion of physical mechanisms has been intended to em- 
phasize the following features of the ideal junction diode: 


(1) The current is an exponential function of the applied voltage. 

(2) Inside the barrier is a space-charge layer whose thickness varies with 
voltage. 

(3) The forward current injects, and the reverse current collects, minor- 
ity carriers. 


‘he following sections elaborate on this description and give mathemati- 
wal formulations of the effects. 


10,4,.2.1 The Diode Current-Voltage Characteristic. Theoretically, the 
direct current J through an n-p junction should depend exponentially on 
the voltage, V, when the current and voltage are not too large, according 


to the exponential law 
I = 1,(e”"? — 1)* (10-5) 


llore q is the charge on an electron, and kT'/q = M%4o volt at standard noise 
(omperature (2938°K), The constant J, is called the “saturation current’’ 
of the junction because the current reduces to that value, independent of 
vollage, for negative voltages much larger than k7'/q. 

‘The reason why the dependence of current on voltage should be expo- 
nential may become plausible from consideration of the energy diagram of 


_* Hof, 2, pp, 86-01, 802-318, 
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Fig. 10-4 Energy diagram of p-n junction diode. 


Fig. 10-4. When the junction is in equilibrium, the population of charge 
carriers in each band depends exponentially upon its potential relative to 
the Fermi level: 


ni exp [—9(¢ — )/kT] 
ni exp [q(@ — ¥)/kT] 
The symbols are those used by Shockley (Ref. 2); n and p are the den- 


sities of electrons and holes; n; the intrinsic density in a pure sample, when 
n; = p;. The intrinsic material also furnishes the reference condition from 


n 


Pp 


(10-6) 


which potential energy y is measured, in that the Fermi level ¢ = y when ~ 


n; = p;. (The minus signs in the diagram, Fig. 10-4, express the fact that 
the electron charge is negative.) 

In equilibrium, the potential drop ¥no — Yo across the junction is just 
sufficient to oppose the diffusion of carriers across the junction into the 
regions where they are less dense; and the equilibrium carrier concentra- 
tions then vary exponentially with the electrostatic potential: 


Npo Pno 





= exp [Gp — ¥n)/kT] (10-7) 


Nno  Ppo 


On application of an external potential difference V, across the junction, 


the effect is the same as a variation of the height of the barrier by V,, so — 


that the concentration of minority carriers varies exponentially away from 
equilibrium on both sides: 
Np Pn 


~ = exp [qV./kT] (10-8) 


Npo Pno 





This exponential variation assumes that the recombination process is 
much too slow to re-establish equilibrium in the presence of the applied 
potential V,, and also that the new values of minority carriers are near 
enough to equilibrium so that the majority carrier concentrations are not 
changed by an appreciable factor. Assuming then that the non-equilib= 
rium carrier concentrations flow away from the barrier by diffusion with 
recombination, Shockley shows that the current through the barrier varies 
with the voltage by the same factor as the carrier concentration, In other 
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words, the current through the junction has the same form of voltage de- 
pendence as does the excess carrier concentration (np — nyo) or (Pn — Pno); 
leading to the exponential characteristic (10-5). 

In such an ideal rectifying junction, if the lifetime of injected carriers is 
long, then the shape of the current-voltage characteristic is unaffected by 
the properties of the materials used, and depends only upon the tempera- 
ture. The properties of the materials come in only through affecting the 
magnitude of the constant J,, the saturation current. 

Physically, the saturation current is most simply described for the case 
where only it is present, that is, where the junction has a reverse bias large 
enough to eliminate the flow of majority carriers across the junction, and 
the exponential term in the law (10-5) vanishes. Such a field, while it pre- 
vents the flow of majority carriers, of course aids the flow of minority car- 
riers, which are collected as fast as they present themselves at either side 
of the junction. The current is consequently saturated, being independent 
of voltage, and limited only by the rate of generation of minority carriers 
and their rate of diffusion to the barrier. 

The magnitude of the saturation current is the product of the rate of 
generation by the volume in which they are generated and are also able to 
diffuse to the collector. Now the rate of generation of minority carriers is 
the quotient of equilibrium concentration by lifetime: 


G(n) = Npo/tn, OF G(p) = Pno/ Tp (10-9) 


The volume in which generation is significant, in that on the average 
urriers generated live long enough to diffuse to the barrier, is limited by 
the life paths Z, of holes and L,, of electrons: 


Lp=VDty, Ly = VbDra (10-10) 


‘This argument can be made more precise by integrating the diffusion equa- 
lion, By expressing the results in terms of measurable quantities, i.e., life 
path and conductivity, o, using the relationships 


o> = YHPp,; on = qubnn 
kT (10-11) 


D i= — pg, b = p/n 
qd 


li results that the saturation current 7, is given by 


A ares ( ek ) (10-12) 
a ee Le ae ae = 


where oy is the conductivity of intrinsic material, and A is the area of the 
junetion, The saturation current consists of two portions, both of minority 
sarriors: the first term is due to holes drawn out of the n side, and the 
weoond to electrons drawn from the p side, 
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For germanium at standard noise temperature T, = 293°K, the satura- 
tion current has the numerical value in amperes: 





1,(Ge, T,) = 0.24(10)*A ee eee (10-13) 
on tp pV Tn 


When the junction is used as an emitter, it is usually desired that the 
injection of minority carriers take place substantially in one direction only. 
The ratio of minority carriers injected on the desired side to the total flow 
of carriers is known as the emitter efficiency, y. Now from (10-12) and 
(10-5) it is seen that under our present assumptions the ratio of hole cur- 
rent to electron current is a constant, independent of the applied voltage 
or current, and depending only on the properties of the material. Con- 
sidered as a hole emitter, then, the junction has the efficiency 


i, 1 
els, Lt aabeltske 


Considering these equations from the point of view of design, the proper- 
ties of the material occur in the intrinsic conductivity o;, the actual (ex- 
trinsic or impurity) conductivities cp and oc, and the life paths LZ, and Ly. 
Often design optima call for back current as low as possible; low saturation 
current is favored by use of high conductivity material, with long life paths 
(lifetimes), i.e., few imperfections in the crystal structures, and with the 
intrinsic conductivity of the pure semiconductor kept low. It should be 
pointed out that on account of the factor o,;7 one expects the variation of 
saturation current with temperature to be relatively rapid. 


10.4.2.2 Rectifier Small-Signal Conductance. The incremental diode con- 
ductance is of interest (1), for itself, in diode circuits used to gate or route 
small signals; (2), as an aid in characterizing large-signal performance; and 
(3), as a building block in more complicated devices. Obtained by differ- 
entiating the exponential characteristic (10-5), this small-signal conduct- 
ance has the value 


Yp (10-14) 


sel ca eT (10-15) 
9" av KT : 


For any ideal diode, when the saturation current is small, the small-signal 
conductance is proportional to the current. The proportionality factor is 
about 40,000 micromhos per milliampere at room temperature, which is 
quite large by comparison with usual vacuum diode transconductances. A 
word of caution: this conductance is that of the barrier only, and is in series 
with the body resistance of the bulk semiconductor parts of the diode and 
with the electrode contacts. For high forward currents the barrier resist= 
ance is usually dominated by the residual resistance of the rest of the diode, 
To a first approximation, this residual resistance of the semiconductor has 


its ohmic value 
lp ais h, 


‘an sabes a 10-16 
. Aes + At Frogs 


Ns 
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where the small l’s are the lengths of the p and n sections of the diode. To 
a closer approximation, the limiting forward resistance is lowered by con- 
ductivity enhancement which accompanies the injection of extra carriers 
by the barrier; this conductivity modulation can lower the limiting forward 
resistance by as much as a factor of 10 below the ohmic value. For point- 
contact rectifiers, the limiting resistance of the bulk material is known as 
the “spreading resistance’’ because of the appearance of the current flow 
lines; and its ohmic upper limit is (Ref. 2, p. 99) 


1 
rs = — 2 
re (10-17) 


where 2a is the diameter of the point contact. 

Often there are appreciable impedances, rectification, or injection effects 
associated with electrode contacts which are intended to be low-resistance 
ohmic contacts. Such contact effects are really transistor-like in nature, 
and are most readily understood after discussion of triodes. Some remarks 
will be found in the section on end effects. The physical nature of contacts 
ix discussed in Chapter 14. 


10.4.2.3 Small-Signal Reactive Effects. As the frequency is raised, the 


small-signal admittance of a p-n junction rectifier departs from a pure con- 
duetance and develops a capacitive component, because of the charge 
which is stored in various regions of the diode ancillary to its action. Prin- 


cipally two regions are the sites of charge storage. Some charge is stored 
oar the barrier in the transition region between p and n conductivity, 
und accordingly this effect is dubbed the “transition region capacitance”’ 
or “barrier capacitance.”” However, when the diode is drawing forward 
current, the transition region capacitance is often dominated by the reac- 
(ive effects accompanying the storage of minority carriers in the p and n 
end regions by injection from the junction. This effect will be called 
‘ininority carrier storage” or just plain “‘storage.”” For very low frequen- 
vies, the injected charge storage is also represented by a capacitance; but 
an the frequency is raised, the slow-acting diffusion process becomes unable 
(o keep up, and a transit-time effect appears. These two capacitances are 
now to be described. 

‘The transition-region capacitance, resulting from storage near or in the 
hurvier between the p and n regions, is most easily described physically for 
‘\ Junction biased in the reverse direction. The comparatively large poten- 
(jul difference between the n and p regions, by Poisson’s equation, requires 
(he existence of a space-charge layer between them. The two end zones, 
wparated by a region having few charge carriers but a high dielectric con- 
slant, correspond to a pair of electrodes separated by a dielectric, and con- 
sequently are represented by a shunt capacitance Cy across the junction 
in the equivalent circuit. The capacitive reactance, of course, varies di- 
rectly with the thickness W of the space charge layer; that is 


Cr = «A/W (10-18) 
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where « is the dielectric permittivity of the material in farads per centi- 
meter (e, for vacuum = 8.85 X 107'*f per cm).* 

The capacitance of the junction in the reverse direction varies with 
voltage, since it depends upon the thickness of the space-charge layer. For 
an abrupt transition from p type to n type, the potential has the parabolic 
shape discussed by Schottky, and the capacitance varies inversely as the 
square root of the potential drop across the barrier: 


€ 
2u(pp + bon) (Wo — Wa) 


For germanium at room temperature, numerical substitution gives 


% 
Cr =A (abrupt) (10-19) 


% 
Cr(Ge, T.) = 2.0(10) 8A (abrupt) (10-20) 


(pp + 2.1pn)V 

In the second formula, instead of the potential drop ¥, — Ya across the 
barrier, there has been substituted the applied potential V. This formula- 
tion therefore neglects the contact potential, ordinarily a few tenths of a 
volt. (See Ref. 3, Secs. 2.3 and 2.4.) 

For a linear transition from p type to n type at the rate a donors per cm 
per cm, the potential has the shape of a cubic, and the capacitance varies 
inversely as the cube root of the potential drop across the barrier: 


3 


qe’a 4 
= bs d 10-21 
or i - ai oa a 


Here again, after substitution of germanium constants at room temperature 
and neglect of the contact potential, the formula takes the form 


% 
Cr(Ge, T,) = 3(10)75A (=) (graded) (10-22) 


Frequently in design a small capacitance is optimum, and also a small 
variation of capacitance with voltage is desired. Since the graded barrier 
(10-18) is obviously wider as well as less dependent on voltage than the 
abrupt transition between the same end-zone resistances, the graded junc- 
tion would be superior if low and stable capacitance were desired. 

Minority-carrier storage appears when the rectifier carries current in the 
forward direction, so that the junction acts as an emitter of minority car- 
riers in both directions. The foregoing transition region capacitance is still 
present, and is indeed of larger magnitude than in the reverse direction 
because the barrier is thinner. However, the emitted charge, stored out- 
side the transition region, dominates the capacitive reactance; for the 





* The units used are cgs practical units. Electrical quantities are in volts, amperes, 
farads, etc.; lengths in centimeters; weights in grams. The dielectric permittivity 
¢ in farads per centimeter is Keo, where « is the dielectric constant as a ratio, and @ 
8.85 % 107! is the dicledtric permittivity of vacuum, Numerical values of the con- 

— tants for gormanium will be found in the List of Symbols at the end of this chapter, 
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region which the emitted charge occupies, of dimensions of the order of the 
life path, is much larger than usual transition regions. 

When a forward voltage is applied, there results, close to the junction on 
both sides, a variation in minority-carrier concentration which is exponen- 
tial in the applied voltage; see (10-8) above. These carriers then flow away 
from the barrier by diffusion. As the carriers flow away, some of them 
recombine, lowering the minority-carrier density at a distance and thereby 
providing the carrier-density gradient which causes diffusion current to 
flow. Consequently, at low frequencies the minority-carrier charge den- 
sity is proportional to the current. As the lifetime is made longer, the 
density gradient becomes smaller because of the reduced recombination 
rate, thus lowering the current for a given voltage; but the total charge 
stored becomes larger because the effect extends to a greater distance. The 
current required to maintain this fluctuating stored-charge density appears 
in the circuit equations at low frequencies as a charging current to a capaci- 
tance Cg across the junction having the value 


Cs = 44 (Opp + GnTn) (10-23) 


where gp and g, are the conductances for holes and electrons, respectively. 
In terms of the total conductance g of the junction and the efficiency y = 
/,/1 of the junction as a hole emitter, the capacitance can be written 


Cs = Yeglvt + 1 — ¥)ta] (10-24) 


By combining this equation with (10-15) it is seen that the storage capac- 
ity is closely proportional to the current which is flowing: 


qd 
Cs = OKT lytp + (1 — y)ral I + J.) (10-25) 


‘This capacitance Cs may have a large value and is very dependent on 
voltage, having an exponential law just like the conductance g. The effi- 
clency factor in square brackets is constant if the injected carrier concen- 
(ration is not so large as to disturb the dominant carrier concentration 
already present. 

A particular junction such as the one of Fig. 10-5 may be used to epito- 
mise the physics of the diode action. This junction is supposed to have 
vonduetivity op, in the p side somewhat greater than the conductivity oc, 
in the n side; furthermore, the lifetime of minority carriers is supposed 
considerably longer in the n side. Since both of these factors favor hole 
injection, the current in the forward direction will be primarily holes into 
the : side, although there will also be some injection of electrons into the 
} mae, 

In equilibrium, the charge density will be somewhat as shown by the 
solid lines of Fig. 10-5, holes being plotted above the axis and electrons 
helow, ‘The equilibrium charge densities are supposed constant in the p 
and n regions, varying only in the transition region, For moderate forward 
hing, the current across the junction results in the injection of minority car- 
Hera in both directions, but for this junction mainly holes into the n side 
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The concentration of minority carriers in the junction rises above the equi- 
librium value; on leaving the junction the concentration falls back exponen- 
tially with distance toward the equilibrium value, being reduced by the 
factor e in traversing a life path L. For moderate reverse bias, the junction 
collects minority carriers from both sides; in the saturated condition (not 
shown), the minority concentration is close to zero at the collecting edge 
of the transition region, and again approaches the equilibrium value expo- 
nentially on receding from the junction. The current-voltage characteristic 
of such a junction is exponential because such is the dependence of carrier 
concentration on voltage across the junction. 


P-REGION 1 TRARSION r N=REGION 








HOLE 
CHARGE 


K eee Lp-----> 1 ' DENSITY 
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ELECTRON 
CHARGE 
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Fig. 10-5 Density of charge carriers in diode operation: solid curves show equi- 
librium; dotted curves forward bias. 


As shown in Fig. 10-3(b), the equivalent circuit of this junction contains 
two capacitances, Cr and Cs, which arise from the following physical 
sources. First is the capacitance C’r of the p to the n region through the 
dielectric constant of the semiconductor, seen most clearly when the junc- 
tion is in reverse saturation. In that case there will be a volume within 
the transition region swept nearly free of both kinds of carriers, and the 
capacitive reactance, being directly proportional to the length of the swept 
region, rises with the reverse voltage, the exact law of the rise varying with 
the manner of distribution of donors and acceptors. Second is the capaci- 
tance, again Cy, present in the forward direction corresponding to the ex- 
cess charge carriers stored within the transition region over what would be 
present in equilibrium. Third is the capacitance C's present in the forward 
direction corresponding to the excess minority charge carriers stored in the 
p and n regions, most of which are within a life-path from the barrier, 
The square-root and cube-root laws, equations (10-19) to (10-22) above, 
apply to the first two contributions, namely to the capacitance Cr, repre 
senting storage within the transition region for either direction of bias, The 
exponential law of capacitance (10-23) applies to what is usually called 
“minority carrier storage,” namely to carriers stored outside the transition 
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scat represented by the capacitance Cg in the low-frequency equivalent 
circuit. 

At low frequencies the exponential capacitance C's due to minority storage 
usually dominates the reactive behavior. However, as the frequency is 
raised, the effective capacitance C's decreases and a conductive component 
also appears because the slow diffusion effects are unable to keep up with 
the rapidly changing frequency. At high frequencies the barrier admittance 


becomes 5 these \ 
Y = Gol + jotp)’? + gn(l + jwtn)”*® + joCr (10-26) 


The asymptotic increase of admittance due to the storage effect (first two 
terms) is only 3 db per octave in frequency. The other contribution acts 
more like a true capacitance C7 with a slope of 6 db per octave, so that 
ultimately at very high frequencies the asymptotic behavior should be de- 
termined by the capacitance C7 corresponding to charge stored very near 
or in the barrier. 


10.4.2.4 Large-Signal Effect of Carrier Storage. For large signals, such as 
those used in diode switching gates, the stored charge limits the speed of 
response to “off” signals because when the bias is suddenly reversed the 
barrier impedance remains low until the stored charge has all been collected. 
Irom (10-25) one would expect the total charge stored by a direct current 
to be roughly proportional to the current, as long as the current is not too 
large. The portions stored as holes and electrons are of course separately 
proportional to the corresponding carrier lifetimes. For large currents such 
that the change in majority carrier concentration is not negligible, the cor- 
responding injection and therefore the storage capacitance increase some- 
what (Ref. 16). 


10.4.3 Back-VoutracEe LimrraTION; AVALANCHE Breakpown. As the 
huck voltage is raised, according to the foregoing discussion, the back cur- 
rent of an ideal diode would approach a constant value, the saturation cur- 
yont. For many practical diodes, this behavior is well approximated as long 
an the voltage is moderate. However, for sufficiently high voltages the back 
current begins to increase, sometimes very sharply. At one time this in- 
vrease in back current was thought to be due to the Zener effect (cold emis- 
sion of valence electrons into the conduction band, Ref. 4), but now it is 
thought rather to be due to avalanche multiplication (Refs. 17, 18). 

‘he mechanism of the voltage-limiting effect is thought to be the follow- 
nu. Ina sufficiently high electric field a current of charge carriers can be 
multiplied by ‘collision multiplication.”” In other words, a fast-moving 
particle, either hole or electron, can transmit some of its energy to a valence 
electron, thereby exciting it into the conduction band. As a result there 
in croated a new pair of carriers—a conduction electron and a hole in the 
valence band, The probability of this kind of carrier multiplication in- 
oreases With increasing field. Therefore, for high enough field, the new 
ourriors thus formed become sufficiently numerous and energetic to excite 
other carriers rapidly enough to make up for losses by recombination and 
by translation out of the high field region, Because the dependence of cur- 
pont on electric field is rather sharp, the discharge becomes a self-sustaining 
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avalanche at a value of the field which is characteristic of the material. 
For germanium this critical field is around 200,000 volts per cm; for silicon, 
about 280,000 volts per cm. 

The notion of critical field is only an approximation. Actually, collision 
ionization occurs throughout the barrier, so that the critical field depends 
somewhat on the width of the barrier. As discussed in Ref. 17, the break- 
down of transistor junctions depends somewhat also upon the number of 
carriers incident upon the junction and upon whether the incident carriers 
are holes or electrons. 

This voltage-limiting effect, besides being a limitation on diode and tran- 
sistor operation, can be useful for voltage reference, clipping, or clamping 
purposes. It is of interest also to note that this kind of avalanche break- 
down is closely analogous to breakdown in gas tubes, which is also due in 
part to collision ionization. 

The main design problem for a voltage-limiting diode is to calculate the 
breakdown voltage of a junction from the critical field of the material. 
The relationship needed, between the maximum field within a junction and 
the total voltage across it, is readily calculable from Poisson’s equation, 
once the distribution of impurities is prescribed. Two special cases are 
especially important. For the abrupt transition from pp to mn (Ref. 3, Sec. 
2.4), the potential is parabolic, and the maximum field varies as V”; the 
breakdown voltage consequently varies as the square of the critical field Ez: 


e/l 1 
Vs =— (— f ~) E;” _ (abrupt) (10-27) * 
Nn Pp 


Vp(Ge) = 48pp + 99pn (abrupt) (10-28) 


For the graded transition from p to n at the rate of a ions per em? per 
cm, the potential is cubic, and the field parabolic in distance; consequently 
the breakdown voltage varies as the 34 power of the critical breakdown 
field: 


€ % 
Vz = (= Bs?) (graded) (10-29) 
9ga 
Va(Ge) = (5 X 10!)-(a)~* (graded) (10-30) 


For the purpose of predicting the breakdown voltage of a given junction 
from capacity measurements, the capacity equations (10-19) to (10-22) may 
be used as qualitative guides. When the capacity is measured at the volt- 
age V, large enough so that contact potential may be neglected, then the 
abrupt junction should obey the relationship 


IF ieee Pay 
Vz = Ep a) wv (abrupt) (10-31) 
while for the graded junction 
«A\? 8 7% 
Va = ES (“") at (graded) (10-32) 


* Por discussion of the ogsepractionl unite used, aoe footnote to page 198, 
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"ia. 10-6 Schematic diagram of reverse diode characteristic showing “soft break- 
down” effect. Dashed lines show ideal “hard” characteristic. 


The breakdown voltage for germanium alloyed junctions has been meas- 
ured by S. L. Miller (Ref. 18). He finds that the resistivity of the material 
(loes determine the breakdown voltage according to a continuous function, 
but that (10-28) is a rather poor approximation because the critical field 
in not quite constant. Consequently (10-28) and (10-30) are only qualita- 
(ive guides. Furthermore, at high resistivities the breakdown voltage of 
alloyed junctions does not continue to increase with resistivity as expected, 
but levels off at values around 60 volts, limited by surface effects. For 
graded junctions and intrinsic barrier junctions (see Vol. II) the breakdown 
voltages can be considerably higher, but are still limited ultimately by sur- 
face effects. 

A “soft”? breakdown characteristic is often observed, as sketched in Fig. 
10-6, The foregoing relationships predict that the diode biased in the back- 
ward direction should draw a constant saturation current 7, independent 
of voltage for a wide range of voltage, and that at a critical breakdown 
voltage the current should suddenly increase sharply. Sometimes this sharp 
break is observed, but very often the back current increases gradually at 
lower roe and is already fairly sizable when the breakdown voltage 
in roached, 

Several causes may conspire to produce such a “soft” reverse charac- 
(oristic, Very often the deviation is due to surface effects which may be 
regarded as leakage across the surface of the junction in the high electric 
field between the end zones. This effect has been intensively investigated 
in recent years (Refs. 19, 20, and 21). Reverse characteristics are also af- 
fected if the material is imperfect (i.e., has a high density of lattice disloca- 
(ions) or if the base “ohmic” contacts are imperfect (see Sec. 10.4.6). 


10.4.4 Puorosensrriviry. Since a junction can serve as a collector of 
any excess minority carriers which may be present, it tends to be sensitive 
to much carriers from whatever source—either an emitter junction, or ther- 
inal generation, or light falling on the semiconductor, The action of light 
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is rather similar to that of an emitter. If the light is of short enough wave- 
length so that hv > qV¢, the activation energy of the forbidden band (A 
about 1.7 microns for germanium), then the light energy can excite an elec- 
tron from the valence band to the conduction band. The hole-electron 
pair thus produced corresponds to one minority carrier per quantum ab- 
sorbed, with its companion serving to preserve charge neutrality. Con- 
versely, if an emitter injects one minority carrier, usually it is immediately 
neutralized by one of the majority carriers already present, so that the 
effect on the charge population is essentially the same as the absorption of 
a light quantum at the same point. The chief difference in the action is 
that the emitter is associated with a finite impedance in the external cir- 
cuit, whereas the light acts like an emitter of infinite impedance. The light 
action is also distributed over a volume, rather than localized at a point 
or in a plane. 

Nevertheless, the action of a phototransistor is so similar to that of a 
triode that the electrical behavior is best treated by comparing it with the 
triode. For example, in the equivalent circuit (Fig. 10-7) one simply omits 
the emitter branch, or calls r, infinite, and replaces the collector current 
generator at, by an equivalent generator proportional to the light intensity 
properly weighted to allow for spectral sensitivity. The impressed current 
generator may be called kL or aiz depending on whether one wishes to 
emphasize the value LZ of the light in lumens, or the value in terms of 
equivalent emitter current iz. The equivalent circuit parameters then have 
the same dependence on physics as is indicated in the diode and triode 
sections. 

The sensitivity to light, however, is not mentioned elsewhere and will be 
discussed only briefly here. The quantum efficiency, or number of electrons 
collected per quantum of light absorbed, for a typical germanium n-p junc- 
tion phototransistor is sketched in Fig. 10-8 (see also Ref. 12). The long- 
wave limit is determined by the energy gap in the semiconductor, and so 
for germanium is about 1.7 microns or 0.72 electron volts. For shorter 
waves, the quantum yield may still remain close to unity, but sometimes 
falls off somewhat as shown in the figure, perhaps because of surface recom- 
bination of the minority carriers. 





BASE BASE 


Via. 10-7 Wquivalent circuits of (a) transistor triode and (b) phototransistor 
diode, ’ 
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I'ia. 10-8 Spectral sensitivity of a germanium planar n-p junction phototransistor, 


Design considerations for light sensitivity of a photosensitive diode are 
(therefore as follows. The spectral response, particularly the long-wave 
limit, is broadly determined by the nature of the semiconductor used, not 
greatly affected by how good its crystal structure (lifetime) is, and hardly 
ul all by its resistivity. Excessive surface recombination may perhaps 
lower the response at short wavelengths, as well as deteriorating the elec- 
\rical properties. The spatial response, or size of the sensitive area, de- 
pends strongly on lifetime, being proportional to life path, as discussed in 
Mec, 10.5 on the triode; in fact, such response is the basis of a good method 
of measuring life path (Ref. 15). Finally, the number of quanta absorbed 
oar the junction can be improved by means standard in the optical art, 
(hat is, by focusing the available light close to the barrier and by reducing 
wurface reflection with suitable coatings. 

lectrical design considerations follow from the discussion for diodes and 
(riodes, To secure minimum dark current, i.e., saturation current, in a 
hinsed diode, one would use high-conductivity, long-lifetime material, as 
discussed in connection with (10-12). For very high speed of response in 
(he biased diode one might need to minimize the capacitances of Sec. 
10,4,2.3, which would call for low conductivity and for graded junctions; 
und one might need extra care in focusing the light near the junction to 
roduce travel time before collection. The peak voltage output from a biased 
iliode may in some cases be ultimately limited by the breakdown voltage, 
which is also increased by use of low conductivity and graded junctions. 
llowever, low conductivity increases the sensitivity to temperature, as will 
hw discussed in the reliability section. For a photovoltaic cell, used to de- 
yelop a voltage without external bias, a special premium is placed on low 
miluration current because the collection of carriers biases the junction 
somewhat in the forward direction, where its impedance and therefore its 
alliviency as a prime voltage source may be painfully low. Clearly, all 
(howe considerations are somewhat in conflict with each other, and optimum 
‘lowign, as always, will vary according to the purpose intended for the unit. 
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10.4.5 Surrace Errects in Dioprs. The foregoing discussion has con- 
cerned itself with the most salient features of diode action. A number of 
other features occur, however, which either are or are hoped to be of minor 
importance. Chief among these are surface effects. 

If an ideal junction is surrounded by a sufficiently bad surface, it loses 
its rectifying properties entirely, as can easily be found by testing p-n diodes 
in various stages of fabrication. The surface may shunt the junction by 
either of two means. The most obvious is by direct surface conductivity, 
or leakage resistance. The second means is a high rate of recombination 
at the surface. If the recombination of carriers is sufficiently fast, then 
the reverse characteristic becomes ohmic because the saturation current 

“becomes very large, while the forward characteristic is also ohmic because 
the carriers injected immediately die. These effects are obvious when one 
considers the effect of short lifetime on these properties, as previously dis- 
cussed. Consequently, long surface lifetime and low surface conductivity 
are usually highly prized. Some effects of surface recombination have been 
calculated quantitatively by Shockley (Ref. 2, pp. 318-325). 

Even when surfaces are improved so that the rectifier as a whole is good, 
there may be annoying residual surface effects. For instance, certain sur- 
faces are very sensitive to water vapor; so much so that a slight disturbance 
of the air around the unit may cause a fluctuation in its properties. This 
action was dubbed by one of its investigators the ‘friendly effect,’’ because 
when he waved a hand at the unit, the meters waved right back. 

While these effects are not yet well understood quantitatively, they ap- 
pear to be due in part to any lattice disorder which may be present near 
the surface. Even more, the effects are due to the presence or absence on 
the surface of certain things which one may wish to call ions or surface 
energy states, depending on whether one’s point of view is that of a chemist 
or physicist. Active investigation of these effects is under way (Refs. 16, 
17, 18). 

Quantitative design considerations connecting such properties as surface 
recombination velocity with the physical or chemical state of the surface 
are not yet available. However, certain qualitative design efforts can be 
made empirically. Mechanical disorder or dirt or debris on the surface, 
such as might be the residue of shaping or handling operations, are likely 
to increase surface recombination adversely; accordingly, in all sensitive 
applications the surfaces are etched during fabrication to obtain maximum 
cleanliness and order. It has also been possible to find certain empirical 
“long-lifetime’’ treatments which apparently reduce surface recombination 
velocity. Some electrical aging treatments have also proved helpful. Fi- 
nally, the completed unit, when it has once attained a desired state, should 
be protected both mechanically and chemically, as is done with certain 
waxes and impervious plastic coatings which will be discussed in detail in 
the fabrication sections. For maximum long-term stability, the units must 
be hermetically sealed (Ref. 22). 


10.4.6 Enp Erructs in Dioprs, End effects in diodes can be more 
quantitatively treated, The preceding discussion concerned mainly prop« 
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erties of an isolated junction in a piece of semiconductor material which is 
long compared to the life paths of minority carriers. However, when the 
end pieces are less long, other effects, some of them favorable, can result 
from the juxtaposition of junctions, either with other junctions (see triodes) 
or with contacts which are ohmic or nearly so. 

First to be considered is the effect of a nearby contact on the saturation 
current of a junction. When a contact is near, the argument leading to the 
expression (10-12) for saturation current is affected. The saturation cur- 
rent consists of minority carriers drawn from the end zones, coming from 
distances of the order of the life path, and the nearby contact may very 
well cause the minority carrier population to differ from what it would 
otherwise have been. 

Suppose that the end contact in question is really ohmic, as intended. 
‘The question then arises, what is a functional characterization of an ohmic 
contact? The technology of ohmic contacts will be discussed later, in Chap- 
ter 14; but here for theoretical purposes we can make use of a mathematical 
model. Suppose first that the ‘‘ohmic’”’ contact is an ideal base contact 
which injects no minority carriers at all—its efficiency as an emitter is zero. 
‘Then the concentration of minority carriers both at the contact and at the 
junction is zero. Clearly the saturation current is now less than for the 
ideal junction of equation (10-12) by precisely the number of minority car- 
riers which would have been drawn from the region of semiconductor be- 
yond the location of the contact. Specifically, suppose the contact is on 
the p side of the junction at a distance, w, much less than L,,, the life path 
of minority carriers. Then the saturation current of electrons from the p 
side, which was formerly proportional to 1/o,L,, would be reduced by the 
factor w/2L,, and would therefore be proportional to w/2epL,”. In prin- 
viple, two such ideal base contacts of appropriate types (different for p and 
n contacts), placed arbitrarily close to the junction, would reduce the satu- 
ration current to an arbitrarily small value. Incidentally, the storage ca- 
pucitance C's and the residual forward quasi-ohmic resistance 7, would also 
ho proportionately reduced. 

Although it is true that such a rosy prospect is impossible, still if the 
(incussion is to apply to the majority of present-day ohmic contacts which 
How exist in the real world, then the last paragraph has become unduly 
optimistic. Consider a second model of an “ohmic” contact, which would 
live an emitter efficiency exactly equal to the proportion of minority car- 
rlors normally present in thermal equilibrium. A model for such a contact 
vould be any sort of low-impedance contact, backing up a thin layer of 
iwalerial with very high recombination rate. Proximity to a contact of this 
{ype will increase the saturation current, since the contact maintains the 
formal concentration of minority carriers in its neighborhood, not allowing 
it to become lowered as the barrier draws away carriers. In particular, for 
# contact at a small distance, w, on the p side, the electron component of 
(he saturation current is increased by the factor L,/2w, and*is now propor- 
(ional to Lgepw instead of 1/opL,. For this second kind of ohmic contact, 
which is more representative of usual practice than the first, the contact, 
should not be near the junction if minimum saturation current is required, 
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However, such a nearby contact would still reduce minority carrier storage 
by reducing the volume available for such storage. 

A third model of an ohmic contact is still more discouraging. Some 
contacts intended to be ohmic actually emit a greater proportion of minority 
carriers than the equilibrium value for the material. By reference to Sec. 
10.6 on collector multiplication, one can see that such a contact would in- 
crease the portion of saturation current from its side of the barrier by the 
factor 1/(1 — a), where a is the current gain of the device considered as a 
transistor, with the contact in question acting as the emitter. Not only 
would such a contact increase the saturation current, but also it might 
make the reverse current increase as the voltage is raised, as will be ex- 
plained in connection with triodes (Sec. 10.5.6). 

For a full understanding of these base contact effects, it is now apparent 
that a knowledge of triode behavior is helpful. Accordingly, after a short 
recapitulation of diode action by functions, a discussion of triode behavior 
will be undertaken. 

10.4.7 REcAPITULATION OF DiopE AcTION By Function. The diode as 


a building block for more complicated devices may be used as collector or 
emitter. Its behavior is still essentially as has been described, sometimes 


with important modifications due to juxtaposition of other barriers or con-, 


tacts close by. Usually the diode impedance, as modified, still plays some 
part in the external circuit, but in complicated devices the vicissitudes of 
the injected minority carriers are of much greater relative importance than 
they are in diodes. 

When used for collection, the diode properties of greatest importance are 
as follows: 


(1) The collection efficiency a;, sometimes called ‘intrinsic alpha,” which 
is the differential ratio of current collected across the barrier to con- 
trolled minority current arriving at the barrier. This collection effi- 
ciency, which is a component of the over-all current amplification 
factor a, is unity for the ideal diode with reverse bias. 

(2) The diode admittance, equations (10-15) and (10-18) . Since the col- 
lector diode is under reverse bias, the storage capacitance C's is ab- 
sent; and the conductance is usually increased above (10-14) by 
proximity effects, as will be described in the triode section (Sec. 
10.5.6). 

(3) The diode breakdown at high voltage (Ref. 18). 


When used as an emitter, the most important diode properties are: 


(1) The emission efficiency , or ratio of desired minority carrier current 
injected to total current flowing, equation (10-14). This efficiency 
is also a factor in the over-all current amplification factor a. The 
emission efficiency can be appreciably improved by placing the emit- 


ter very close to the collector junction, as will be discussed. 


(2) The diode admittance. When the collector is close to the emitter, 


the storage capacity Cy is much reduced, as will be seen, 
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More complicated combinations of diodes can produce other effects, for 
example, large effective current multiplications (high a). The combination 
of such diode characteristics into triodes will be dealt with in the next sec- 
tion. 


10.5 THE PLANAR TRIODE (n-p-n JUNCTION TYPE) 


In this section the objective is to describe the design theory of an n-p-n 
planar triode, namely the relationship of its electrical behavior to its physi- 
oul structure. The triode is of interest primarily because it exhibits in sim- 
plest form the phenomenon of useful amplification through the action of a 
semiconductor. The action has already been briefly described and com- 
pared to that of a vacuum triode (Sec. 10.3). In both cases, injection of 
jurriers with control at a low power level is followed by their collection at 
high power level, with the consequent possibility of power gain. 

In comparing the triode with a diode, the same electronic functions are 
present—emission, collection, transport, storage—but with different rela- 
live importance. The diode relationships with little modification can be 
\wwed to build up the triode characteristics. For this purpose, the triode is 
togarded as a cascaded pair of diodes, the first (emitter) normally biased 
in the forward direction and serving to emit minority carriers into the region 
hetween them, the second (collector) normally biased in the reverse direc- 
(ion and serving to collect the carriers thus emitted. Leads to each of the 
(ree regions complete the triode, shown schematically in Fig. 10-9(a). 
‘The n-p-n triode is chosen as subject for discussion; the p-n-p analysis is 
of course similar, with reversal of polarities and change of values of appro- 
jrlate constants. The approximations and numerical values used for illus- 
\ od ion are intended to be appropriate for a germanium n-p-n grown-junc- 
tion triode. 





(a) (b) 


Win, 10-0 (a) Schematic diagram of n-p-n junction transistor; (b) small-signal 
equivalent circuit. 


10,51 TRiope EquivaLenr Crecurr, The electrical performance of the 


trode will be taken to be specified by the behavior of its small-signal equiva- 


ML clrouit, Whose elements will be described in detail, including variations 


*Minwe this sootion wis written many advances have beer Je in detail 
Hiling of triode behavior (see Refs, 16, 23, 24), Faia atin, 
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as the operating point is changed. In order to appreciate the precise status 
of the equivalent circuit, it is well to consider for a moment how it is 
arrived at. 

The primary purpose of an equivalent circuit is to facilitate calculation 
of performance in conjunction with external circuit elements. The deriva- 
tion of the circuit need not make any explicit reference to the physics of 
the device. All that is necessary is to postulate some functional relation- 
ship between the input and output variables of the four-terminal network; 
from there a straightforward mathematical process leads to an equivalent 
circuit, which will always be linear if the signals are small enough. The 
elements of the circuit can be found by empirical measurements on the 
device terminals. They may be chosen in a variety of different configura- 
tions, all equivalent for external performance, among which the choice is a 
matter of the user’s convenience. 

The physics of the device, so rudely suppressed by this empirical ap- 
proach, has a way of obtruding itself back into the problem by making — 
some of these equivalent circuits much more convenient than others. The 
inconvenient circuits may show elements which are negative, or very sensi- 
tive to bias changes or to frequency. On the other hand, circuits whose 
elements correspond well to the physical configuration of the device usually 
show quite tractable behavior: the elements vary in understandable ways 
with bias, and their frequency behavior is of minimum complexity. 

The preferred circuit for the n-p-n transistor, chosen for its close rela- 
tionship to the physics of the triode action, is shown in Fig. 10-9(b). To 
a great extent the electronic functions of the device are separately shown 
by this configuration. In particular the emitter and collector branches are 
in such configuration as to represent directly the admittances of the com- 
ponent diodes, the emitter admittance as the shunt combination of r. and 
C., the admittance of the collector junction as the shunt combination of f% 
and C,. The active current generator az, in shunt with the collector admit- 
tance represents the collection across the collector junction of minority 
carriers whose number depends on emitter current, and the resistance ry 
includes that of the region close to the base electrode contact as well as 
that elsewhere in the germanium p region. In the diagram, batteries and 
arrows indicate the conventionally positive directions of voltage and cur- 
rent; but in actual operation of an n-p-n unit, emitter current and voltage 
are normally negative. 

First approximations to the circuit admittance elements can be written 
down immediately from the diode analysis quoted in Sec. 10.4. In higher 
approximations, the admittance of each diode is somewhat affected by the 
proximity of the other. The over-all current amplification factor a is & 
combined result of all three regions—emitter, base, and collector. 

As an aid to following the major similarities with the isolated diode and 
also the minor differences, Fig. 10-10 shows the density of charge carrie 
in the different regions. In equilibrium (heavy lines), the carrier cone 
trations are constant in the n-type end zones and in the p-type base layer. 
In the two transition regions (emitter and collector diodes), where the n 
donor concentration Np = N4 varies, the equilibriim carrier density vari 
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I'ia. 10-10 Density of charge carriers in n-p-n triode: solid curves show equilib- 
rium concentration; dashed curve shows active carriers (electrons) in 
normal operation. 


with distance. In operation, the population of the active n-type carriers 
changes to approximate the dotted line. The high collector voltage tends 
(o exhaust the minority carriers near the collector barrier, while the emitter 
injection raises their number; the consequent concentration gradient across 
the base layer causes the carriers to flow across by diffusion. Variations 
in hole density during operation are not shown; it too is exhausted in the 
collector end zone near the barrier, but is supposed to be high enough in 
the base layer not to be affected appreciably by the additional injected 
wlectrons. A very few holes are injected from the base back into the emitter 
ond zone. 

‘The functions of the various regions will now be considered quantita- 
lively. The assumptions made for the triode analysis are the same as those 
used for the diode, namely: 


(1) Recombination is neglected in the junction space-charge region, but 
not elsewhere. 

(2) Injected currents are small enough not to affect majority carrier con- 
centration by an appreciable factor. 

(3) One-dimensional (planar) analysis is assumed to apply. 

(4) Surface recombination is considered to be equivalent to an appro- 
priate correction to the bulk recombination rate. 


10.5.2 Emrrrer Erriciuncy ANp ADMITTANCE. While the emitter diode 
normally operates in the forward direction, there is also an interest in its 
properties in the reverse or cutoff or non-emitting condition. The entire 
vurrent-voltage characteristic is still closely approximated by the exponen- 
Wnt law, equations (10-5) and (10-12), of the isolated diode described pre- 


' 
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viously in Sec. 10.4, but differs slightly because of the proximity of the 
collector. A bias V, in the forward direction still produces an exponential 
increase in minority carrier concentration on both sides of the junction, 
and these excess carriers still flow away from the junction by diffusion; but 
for a given voltage the diffusion current of injected carriers flowing toward 
the collector is now much increased. This favorable feature comes about 
because the collector is much less than a life path away and is yery effective 
in removing minority carriers in its neighborhood, thereby increasing the 
carrier density gradient and consequently the diffusion current from the 
emitter 

Letting w be the thickness of the base layer and ny = np» — Npo be the 
excess over equilibrium of minority carriers next to the emitter, the den- 
sity gradient of holes is now —n,/w rather than —7;/L, as before, and 
consequently the diffusion current of minority carriers to the collector is 
increased over what it would be for an isolated junction by the ratio L,/w 
of life path to base layer thickness. The emitter efficiency I,,/I. is corre- 
spondingly improved over that corresponding to (10-14); the improved effi- 
ciency * is given by the equation 


I; 1 
ihe a 10-33 
: I, 1+ opw/onLp ( ) 


In design, the emitter efficiency can be made very close to the optimum 
value unity by making the emitter region conductivity o, considerably 
larger than the base region conductivity op, and by making the emitter 
region life path Lp great and the base layer thickness w small. Values of 
y higher than 0.995 have been achieved. 

The next property of importance is the admittance of the emitter junc- 
tion. Again, this admittance is closely approximated by the isolated diode 
equation (10-15), but with some differences in derivation. In the first place, 
the emitter saturation current J, is improved to smaller values when the 
collector has its normal reverse bias. Considering the emitter current in 
the reverse direction for simplicity, just as in the case of the isolated diode 
of equation (10-12), it still consists of a saturation current Ie, of minority 
carriers drawn from both directions; but the number qDp,/L, drawn per 
unit area from the emitter end zone is negligible because of the high con- 
ductivity of the zone, while the number gbDny,w/ 2L,,” drawn from the base 
layer per unit area is also reduced because the base layer is much smaller 
than a life path in width. The reduction factor is w/2L, compared with 
the electron saturation current of an isolated diode; the factor 2 appears 
because the collector is also competing for the limited supply of electrons 
generated thermally by the base layer. Not only is the reverse current 
reduced, but also, as stated above, the forward current is increased by the 


proximity of the collector junction. The argument which led to the cure 


rent-voltage characteristic (10-12) for the isolated diode therefore here lea 





“Note that since the unit is of nepen type, the efficioncy is defined as an electron 


emitter, not a hole emitter as in (10-14), > 
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to a somewhat better characteristic. Neglecting for simplicity the small 
hole current, the emitter characteristic becomes 


I, = AqnyDb/w(et”?!*? — w?/2L 7”) (10-34) 


A simpler form can be obtained by changing the voltage origin so that 
kT 
Vo = V'o — — In(2Ln7/w?) (10-35) 
qd 


‘The emitter static characteristic is then of the standard exponential form: 
Te = Teg(et”'*/*? — 1) (10-36) 


Neglecting the small number of minority carries (holes) from the emitter 
ond zone, the saturation current is 


; - (ae) w 
«laa be 2o,Le (10-37) 


‘The symbols are used with the same meanings in the diode characteristic 
(10-12), but here the hole current is neglected. The change of voltage axis 
in (10-35) amounts to a corresponding forward bias produced on the emit- 
tor by the operation of the collector. The forward bias is normally small 
only about 0.1 volt. 

‘The differential conductance of the emitter is as follows by differentia- 
thon of (10-37): 


| 
=>-—- > Te I = 
Je Te kT ( + ea) (10: 38) 
‘The emitter saturation current J,, for the n-p-n junction transistor is small 


onough to be neglected in the usual operating range. 
‘lhe major design result is then that when the saturation current is small. 


the emitter low-frequency conductance g, should be a function of the cur- 
font only, just as in the isolated diode, and should be independent of ma- 
torial characteristics. The resistance of the emitter end zone, which is in 


weriow, is usually negligibly small because of the high conductivity of the 
ond gone. 
‘The emitter capacitance C, is often negligible because of the high value 


of conductance ge, but for completeness is here mentioned. Just as in the 
jwoluted diode, charge is stored during operation both in the transition 
fulon and in the adjacent zones. The charge stored in the transition region 
hext lo the emitter junction is the same as for the isolated diode, and gives 
# Wansition region capacitance Cy governed by the same equations (10-19) 


i) (10-22) which predict a dependence on the square root or cube root of 
the total voltage bias, including contact potential. The capacitance Cp is 
in usually dominant in the reverse direction of bias but negligible in 
« forward direction, The charge stored in the base layer also gives rise 
4 elorage capacitance Cg, but its value is greatly reduced from the iso- 
ted diode because the storage region, the base layer, is much less than a 
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life path thick. The value may be calculated by the same method, solving 
the diffusion-recombination equation (Ref. 3, Sections 4.2 to 4.4). Neg- 
lecting again the small number of holes injected back into the emitter end 


zone, then when w X In, : 
w 


Cs = Ges 


10-39 
3Db 


C. = 


The storage capacitance Cg is reduced from the value for an isolated 
diode (10-20) by the factor 2w?/3L,”. The smaller value is due to the fact 
that the base region is smaller than a life path, so that for a given current — 
both the charge density required and the storage volume are reduced by a — 
factor comparable to w/L,. Note that the emitter capacitance has the 
same strong current dependence as the conductance, and that their ratio 
is constant. 


10.5.3 Cottecror Mutripeiication Factor AND ADMITTANCE (ZERO ~ 
APPROXIMATION). The electronic function of collection is described numer- 
ically by the collector multiplication factor or “intrinsic alpha,”’ a;, defined 
as the number of carriers collected per minority carrier presented at the 
barrier. Alternatively, a; may be defined as the ratio of incremental cur- 
rent flowing in the external circuit to incremental minority current flowing 
toward the barrier. The multiplication factor is unity for an ideal diode 
under reverse bias, since such a simple collector merely receives the carriers 
as presented (when the barrier is so thin that recombination within it is 
negligible). More complex structures in which a; can be greater than unity 
will be discussed in Sec. 10.6. 

The collector admittance under usual bias conditions, to zero order, is a 
very small conductance in shunt with the transition region capacitance Cp, 
as one would expect by analogy with the diode. However, to a higher ap=- 
proximation, described later in Sec. 10.5.6, the collector conductance, 
though still fairly small, depends appreciably upon the emitter current, 
and is affected by emitter proximity. In this section the physical situation 
leading to the zero approximation only will be discussed. 

For simplicity, consider first the condition when the emitter voltage is 
large enough in the blocking direction to prevent any injection of minority 
carriers into the base layer. Then the collector current closely approxi+ 
mates a saturation current J,, when the reverse bias voltage >kT/q, as is 
normal. The collector saturation current then consists of residual minority 
carriers collected from both sides. A’s discussed in the emitter section (See, 
10.5.2) the portion drawn from the base side is reduced below the corre= 
sponding isolated diode by the factor w/2Ln, because the base layer thick 
ness w is much less than the life path L,. However, minority carriers fro 
the collector end zone are not negligible, because (unlike the emitter) th 
collector end zone has not necessarily high conductivity. With the emitte 
biased in the blocking direction, then, the collector saturation current tak 


the form 
AkTbo? | 


lo = qd + 6) (1 





w + 1 
QoyLn* Onley 
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‘The first term is equal to the emitter saturation current, since the minority 
carriers thermally generated in the base layer are shared equally when both 
junctions are reversed, always assuming that the base contact is perfect 
and emits no minority carriers. The predicted differential impedance of 
the collector is infinite in this approximation; actually, the impedance with 
the emitter cut off is very high, being probably limited by surface effects 
hy recombination in the barrier region, and by residual emission from the 
eh on ee “ohmic” contacts. Another important point is that col- 
octor action continues with very littl 

Dino onde eae ae o ttle change down to very low voltages 

‘The collector capacitance is like that of the isolated diode (Sec. 10.4.2 3) 
w/ one would expect, since with operation in the blocking direction the 
alored charge corresponding to the collector voltage is very close to the 
junction and little affected by proximity of the emitter or even by the col- 
lwetion. of emitter current. The collector capacitance C, is thus mainly 
\runsition-region capacitance Cr and therefore still given by the formulas 
( 10-18) to (10-22). It varies as V—” for an abrupt junction, and as V~“ 
for w graded junction. 

Similarly, the peak back-voltage of the collector is limi - 
oe ee ae the breakdown diode formulas of oe 
eollector forward characteristic is cal imi itter 
weloristic, but is of little interest. ee ee een ee 

When drawing emitter current, the collector admittance is affected, prin- 
ipally as an increase of the conductive component. Remarks will be de- 
ferred until after the discussion of the transport factor @ in the next section 
When the collector is near overload and operating at a very low voltage, 
the weries resistance of the end zone, (10-16), may make an appreciable 
Hontribution to the residual collector voltage drop. 


10.5.4 Tue Transport FuNcTION AND BasE Resistance. In order to 
miloulate the over-all current amplification, it is necessary to calculate how 
wy of the minority carriers injected at the emitter reach the collector 

d 


wid in what phase. This transport function, occurring in the base layer 
\n haracterized by the quantity 8, which is the ratio of (1) minority es 
font adjacent to the collector to (2) minority current adjacent to the emit- 
lor, Ly solving the diffusion equation * as sketched by Shockley, Sparks 
aid ‘Teal (Refs. 3 and 5), it is found that for direct currents large en 


{0 make emitter saturation current negligible, 


B = sech (w/Ln) (10-41) 

Vor thin base layers, the transport factor is theref i 
' ; ore unity to first order 
4 me ra quantiy w/Ln; that is, all the emitted carriers get across 
ion the life path ZL, is not very long, it may be advisable ; 
order torms and write magn eens 

ty a eta 2 

7 Nat B 1 Ww /2Ln (10-42) 
‘Thin section assumes that carriers proceed from emitter to collector by diffusion 


" the one Whore an electric field may also be present soo Refs, 25 and 26 
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For alternating currents, it is important to know the variation of 6 with 
frequency, which is the major factor determining the “alpha cutoff’’ or fre- 
quency response of the device. The complete expression including fre- 
quency variation is as follows (Ref. 5, Equation 9.3): 

B = sech [(1 + jotn)*w/Ln] (10-43) | 

As the frequency is raised, this expression acts at first as a circuit with 
a 6-db-per-octave asymptotic cutoff; that is, saving only the second-order 
term in w/L,p, and neglecting the small quantity (w/Ln)? except where it 


is multiplied by frequency, 
1 


a ee 10-44 
1+ jaw / 2Db ( ) 


B 


The cutoff of transport factor with frequency is therefore approximately 
associated with a time constant w?/2Db, which is 50 per cent greater than 
the time constant C’s/g. associated with the emitter, (10-39), as another 
aspect of the same diffusion phenomenon. The corresponding cutoff fre- 
quency feo, where 8 is 3 db down (i.e., |6?| = 14), is therefore 

Db 
fi co 9 


TW 


feo(Ge) = 28/w” 


(10-45) * 


(10-46) 


Physically, this cutoff frequency of the transport factor, which is a 
the cutoff frequency of the transistor current multiplication factor a, i 
associated with the diffusion time of carriers across the base layer. If th 
diffusion time were the same for all the carriers, there would be merely 
delay, with no decrease in amplitude of £. Actually, however, there is a 
a dispersion in diffusion time such that at high frequencies carriers Wi 
various transit times interfere destructively, with consequent loss of 
plitude of 8. In fact, the relationship between the variations of amplitud 
and of phase is exactly what is required by the “minimum phase” relation- 
ship (Bode, Ref. 13). Design for high cutoff frequency obviously puts 
high premium on making the base layer very thin (w small). 

The other property of the base layer, important to the action of the tra 
sistor, is the base resistance, 7, in the equivalent circuit. Primarily t 
base resistance is caused by the residual or spreading resistance of t 
“ohmic” contact to the p region. Now, in the best planar junction triod 
the base layer is very thin, so that besides making ohmic contact to 
base layer, the base lead may also make contact to the collector or emit 
region. The requirement that this undesired contact must not deteriora 
the properties of the rectifying junction is a very severe one. Consequen 
although it is usually desirable to reduce rp to a minimal value, the p 
bility of doing so with multiple or area contacts is difficult to effect, 


* Tf the complete expression (10-43) is used instead of the nppesetentio’ (10-44), t 
the cutoff frequency is found to be about 20 por cent greater than the exprossion (10- 
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ondarily, the base resistance includes also a reflection of the ohmic resistance 
of the p layer itself. However, a calculation of this effect immediately be- 
gins to depart from the one-dimensional geometry assumption, because it 
envisions a transverse field in the base layer (Ref. 5, Sec. [X). For present 
purposes, discussion of this more complicated situation is too involved. 
Many of the ramifications are given by W. van Roosbroeck (Ref. 7).* 

10.5.5 OveR-ALL CurRENT AMPLIFICATION Factor, ALPHA. The cur- 
rent collected by the collector is related to the current flowing in the emit- 
ter by the three factors y, 8, a; Of the emitter current [,, the fraction y 
is injected into the base layer as minority carriers; of the injected current 
onl y the fraction @ arrives at the collector; these minority carriers are effec- 
lively multiplied by the factor a; in being collected. The over-all effect 
(hen, may be written in terms of incremental current change, with the 
voltage drop V’, across the collector barrier held constant: 


—(d1,/dLe)y", =a’ = vba; 


‘The values of y, 8, a; have been previously given in (10-33) and (10-43) 
and are nearly equal to unity at low frequencies under optimum conditions. 
Aw explained in the next section, the quantity a’ differs slightly from the 
current multiplication factor a, which in turn differs slightly from the short- 
circuit current gain a. 

‘The total collector current is obtained by integrating (10-47) subject to 
(he boundary conditions (10-37) and (10-40). The integration is simple 
hecause by assumption the quantities a;, 8, and y do not depend on current: 


I, = Les o a’ (Le + Les) 


(10-47) 


(10-48) 


Often the saturation currents are negligible, in which case the emitter 
and collector currents are nearly equal in magnitude (though opposite in 
sign because convention calls current positive when it flows into the unit). 
‘he base current, by continuity, must be the negative of their algebraic 
eum: 

Ty = -I.(1 — a’) + a’Ies — Tes (10-49) 

10.5.6 Corrections To Maker THE CircuIr INDEPENDENT OF TERMI- 
NAWIONS. For the equivalent circuit of Fig. 10-9 there have now been 
(uoled expressions for each of the elements at low frequencies, and also the 
incipient effects as the frequency is raised. It may be a little surprising to 
lind now that the assembled results, while quantitatively quite accurate 
for predicting performance, still are only approximately equal to the equiva- 
lent circuit elements of Fig. 10-9, which by definition must be quantita- 

* An shown in Ref, 238, space- ideni 
frequencies than it is rtatcutee ee cee too req et low 

The quantity a = —(0/,/0I,)yv, holds constant, not V’,, but rather the collector- 
Mi vine voltage Vy, so that it includes feedback effects from the base resistance rp. 
Hho different definition used here is thought to be simpler, in that the complex ques- 
tion of voltage drop in the base layer can now be treated separately instead of ate 
tnvolved in the current amplification factors, The relation between a and a is that 
Hm adh (a = Lre/re. 
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tively more correct in representing performance. The reasons why these 
two equivalent circuits differ,* even though they have the same configura- 
tion and represent the same performance, will bear examination. The 
method of reconciling them will become apparent. 

The fundamental or empirical method of deriving a small-signal equiva- 
lent circuit, as alluded to in the introductory portion of Sec. 10.5, has the 
following properties: 


(1) The method results in an equivalent circuit in the prescribed con- 
figuration, no matter what the physics of the device. 

(2) The equivalent circuit is exact. Element values are determined by 
actual measurement. 

(8) At any given bias point, the equivalent circuit elements are constants 
independent of the applied small-signal biases. 


In contrast, the physical method of deriving the equivalent circuit ele- 
ments has the following properties: 


(1) The method results in an equivalent circuit whose configuration 
corresponds to the physics of the device. (Of course, once obtained, 
the circuit can be transformed to other configurations.) 

(2) The equivalent circuit is approximate. Accuracy depends on the 
exactitude of the derivations. 

(3) The equivalent circuit elements may, and in this case do, depend on 
the applied small-signal voltages or currents. 


It therefore happens that even though the circuit is correct and in the right 
configuration, there are still some minor adjustments to be made, in order 
to make the elements independent of the terminations. 

Specifically, the impedance of the collector, considered as a diode, should 
on the approximate view be very high, approaching infinity ; whereas actual 
measured results on units show lower values, ranging from 1 to 20 megohms 
for early experimental models. These facts are consistent. The reason for 
the lower impedance is as follows. In the derivation of the circuit from the 
physics, the emission and transport functions y and 8 appear as contribu- 
tions to the current generator at, across the collector impedance. Actually, 
however, y and 8 also depend to a slight extent on the collector voltage, 
because variations in collector voltage are accompanied by slight changes 
in the thickness of the space-charge layer in the collector junction, and 
consequently affect the value of w, the distance from emitter to collector, 
Because these variations in y and 6 which cause changes in the collector 
current ultimately depend on the collector voltage, they should be attrib- 
uted to the collector impedance and not to the current generator. Under 
favorable conditions, the variations in w are indeed the principal contribu« 
tor to the residual collector conductance, being much larger than the very 
small conductance across the collector barrier itself, considered as a diode, 

To a good approximation, the collector conductance g, is the derivative 


* This difference was pointed out by J, M, Barly (private communication), 
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of the collector current, (10-48), with respect to collector voltage, with the 
emitter current held constant: * 


ol, (I. + Ie) da 
Ve. eae 








Ge (10-50) 


Inspection makes it evident that this conductance arises from the variation 
of over-all current multiplication factor a with collector voltage V... When 
the emitter saturation current is negligible, and the emission and transport 
factors y and £ are close to unity, the collector conductance has the follow- 
ing dependence on physical structure: 


: =| pe | (10-51) 
We SVE ely ; 


Here 2» is the thickness of the space-charge layer in the collector barrier, 
and y is a factor which varies from 1 to 3 depending on whether the collector 
isan abrupt or a graded junction. This conductance is closely proportional 
to the d-c emitter current. Since x, and w both depend on collector voltage 
\V’,, the dependence of the conductance on JV, is actually a little less sharp 
(han the inverse first power; variations closer to the inverse 24 power are 
observed. 

With present-day fabrication practice, this conductance is only a lower 
limit for good units. Any leakage due to imperfect surfacing or any of the 
iliode “soft”? breakdown effects of Sec. 10.4.3 may also contribute to collec- 
(or conductance. The conductance also increases greatly at high voltages 
hecause of collector multiplication (Ref. 15). 

While other small changes of a similar nature should be made to make 
the other circuit parameters independent of termination, the correction to 
(he collector conductance is probably the most important one. The correc- 
(ion involved makes appreciable difference, and indeed is dominant, because 
the collector conductance is so small. 

Other effects of some importance can occur when the injected carrier 
“oncentration approaches the normal concentration of majority carriers. 
Ilow such an effect can lead to alpha enhancement will be discussed in Sec. 
10,6, which treats of collector multiplication. 


10.5.7 Desian Consmperations. The design theory equations contain 
iuny implications for transistor design. A few of the most important are 
hove mentioned. 

Vor high emitter efficiency (10-33), the emitter end zone should be of 
Kiiuh conductivity, the base layer thickness should be small, and both 
foulons should have long lifetime. 

Wor high collector impedance, which implies high gain at low frequencies, 
tho unit needs, from (10-48), a thin base layer of high lifetime, high emitter 


. ee ec oe ee 
* peo Ref, 23, Strictly, this expression also includes a slight contribution from the 


a roulatance rp, but for the nepen junction transistor the effect of ry on this expression 


wntively negligible, 





220 PrIncIPLES OF DEVICE FABRICATION 


efficiency, and a thin collector junction (unless limited by capacitance or by 
breakdown voltage). 

For high frequency response, by (10-45) the unit needs above all a thin 
base layer and a semiconductor with high mobility (which implies also high 
diffusion constant). 

For low collector capacitance, which means good bandwidth and high 
peak back-voltage, by (10-18) to (10-22) the unit needs a thick junction, 
either graded or with low-conductivity material. 

For high collector back-voltage, by (10-27) the collector junction should 
be thick, either by use of high-resistivity material or by gradual grading. 

The important feature of temperature dependence will be discussed in 
Chapter 26. Usually the most rapid temperature dependence is associated 
with the collector saturation current (10-40). 


10.6 COLLECTOR MULTIPLICATION 


The previous discussion has assumed collection of minority carriers to 
take place at a thin ideal diode with reverse bias, which simply collects 
each carrier as it is presented, with unit efficiency (a; = 1). However, 
more complex structures exist whose action results in the flow of several 
carriers in the external circuit for each minority carrier presented, and 
which accordingly have intrinsic alphas greater than one. In particular, 
most point-contact units have intrinsic alphas approaching three or some- 
times more. 

A mechanism which can account for some types of collector multiplica- 
tion is known as the “p-n hook” collector, from the appearance of the cor- 
responding energy diagram (Ref. 5, Fig. 4). Rather than explain it from 
the energy diagram, however, it seems better to refer it to the transistor 
triode discussed in the preceding section. After consideration of the action, 
it will be seen that a better functional name for the structure might be the 
“conjugate emitter” structure. It turns out that the collection of carriers 
with multiplication by the “hook” mechanism involves the same structure 
which has just been described in Sec. 10.5 as a triode transistor, but regards 
it from a different point of view. In other words, this type of current-mul- 
tiplying collector may be considered to be an electronically-coupled tran- 
sistor. Consequently the effect need not be analyzed all the way down to 
the component diodes, but rather, with considerable saving in effort, the 
triode results of Sec. 10.5 can be used. In this way the triode of Sec. 10.5 
comes itself to be a building block for more complex transistors. 

The action of the “hook” multiplying collector will first be described 
directly from a physical point of view. By comparing this action with the 
same structure functioning as a transistor, the quantitative formulation is 
then obtainable with very little additional effort. 

In Fig. 10-11 is illustrated a ‘““p-n hook” collector, On the left is shown 
a region of n-type semiconductor from which the minority carriers (holes) 
are to be collected, and on the right is the collecting structure, which cone 
tains first a thin region of p-type material and then an end zone of n-type 
material, The collecting bias is with the end zone negative, that is, the 
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ig. 10-11 A “p-n hook” multiplying collector, consisting of n-p-n junction pair: 
the plus signs show carriers about to be collected by composite struc- 
ture. 


bias is such that on collection the carriers first encounter an n-p junction 
(’ biased in the reverse direction, and then a p-n junction # biased in the 
forward direction. 

On the left side are shown two plus signs symbolizing holes approaching 
the barrier to be collected. These holes might have been generated by 
thermal agitation, by light, by a point-contact emitter (not shown) or by 
i junction emitter (not shown). In other words, the figure does not show 
4 complete transistor, but rather shows only a complex collector function 
Which might be incorporated into a transistor. The pair of cascaded junc- 
tion diodes C and E is a composite collector structure in the sense that 
minority carriers (holes) arriving at the collector junction from the left will 
ho collected across it, and indeed will cause a current to flow which may be 
much greater than the activating minority current. 

A semiquantitative understanding of this kind of collector multiplication 
in obtainable as follows. The primary effect is the collection of the minority 
«urriers—holes—across the junction C. However, since the structure is 
uch smaller than a life path, there is very little recombination in the p 
juyer, and therefore an almost equal number of holes must flow out to the 
right across the junction Z. “Now by design the # junction is caused to be 
4 good emitter of electrons into the p layer. Therefore the current across 
ii in mostly electrons; if the EZ junction carries the prescribed hole current 
/,, \ must also carry a much larger electron current. Since there is little 
pecombination, these electrons must also mostly be collected and flow across 
ihe collector junction. Consequently, the total current which flows is 
inowtly an electron current, and is many times larger than the primary hole 
wurrent J». In effect, the primary hole current is “multiplied” by a factor 
#,, Which can be very large. 

Mince the # junction which takes such a prominent part in the action is 
wn emitter of the opposite kind of carriers from those being collected by 
jw composite structure, it may seem reasonable to call it a “conjugate 
emitter,” and to call the whole composite collector a ‘conjugate emitter 
structure” rather than a p-n hook. 

A quantitative understanding of collector multiplication is most easily 
obtained by noticing that the ‘p-n hook” structure strongly resembles the 
pen transistor of Sec, 10.5." The “hook” structure is also a cascaded 


* A detailed analysis of this structure, including also the effect of a lead to the p region, 
twa boon made by J. J, Ebers (Ref, 27). 
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pair of diodes, and differs from the triode in Fig. 10-9(a) only in that there 
is no lead to the p layer and that the emitter junction is on the right side 
of the diagram. If the structure is considered to be a transistor, then the 
analysis of Sec. 10.5 applies, with the condition that since there is no lead 
to the base, the base current (10-49) must be zero: 


Ip = —I,(1 = ar) + arles = Te =0 (10-52) 


The symbol ar represents the current amplification factor of the structure 
regarded as a transistor. 

From this point of view, the primary hole current J, mentioned above 
is merely a contribution AJ,. to the collector saturation current I.s of the 
equivalent transistor. In other words, if by action of light, or otherwise, 
there is caused to appear in the collector end zone near the junction a cur- 
rent AI,s of minority carriers, they will be collected in the same way as the 
collector saturation current J,;, which already consists in part of similar 
minority carriers. Consequently, from (10-52), there will be a proportional 





increment in the total current J, = —J, across the pair of junctions: 
AI 
Al, = —— (10-53) 
1—ar 


In other words, the incremental current through the structure is equal 
to the primary hole current, multiplied by the factor a;, where 





(10-54) 


1 
ee ee 


Here ap is the current multiplication factor of the structure considered as 
a transistor. If ar is made quite close to unity (as suggested in Sec. 10.5), 
then the multiplication factor a; may become quite large. Since the de- 
pendence of ar on the physical structure is already known from (10-47), 
(10-43), and (10-33), it is a simple matter to get the dependence of a; on 
the structural variables: 


1 
a; = _ (10-55) 
Coe arey 
Ridin. vee a 


(The symbols refer to the properties of the regions p and n adjacent to the 
E junction.) Terms of higher order than the first in frequency have been 
neglected. In this approximation the frequency resonse of the hook has 
the same shape as a simple R-C circuit, with a time constant which may 
be rather slow. The corresponding cutoff frequency where | a;|? is reduced 
to half its low-frequency value is 


f= ; (1+ 2) | (10-56) 


Qrrp, o,Wly 
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By simple substitutions this cutoff frequency may also be written in 
terms of properties of the n-p-n structure considered as a transistor: to wit, 


1 Db1i-y 
ee 


f= 








217, Tw ee 
Now Db/rw is the cutoff frequency of ar; and if a large multiplication 
factor a; is desired, by equation (10-54) y must be close to unity. The 
hook collector therefore has a considerably lower cutoff frequency than the 
same structure used as a transistor. Incidentally, given a little familiarity 
with circuit properties of the transistor, this same result is evident from 
(10-54); for the factor 1/(1 — a) is the same one which is also responsible 
for the high gain and low cutoff frequency of the grounded-emitter transis- 
(or amplifier. From the point of view adopted here the p-n hook collector 
is analogous to a grounded-emitter transistor, electronically coupled to 
whatever source is producing the minority carriers to be collected. 

The same n-p-n collector structure has of course analogous properties as 
photosensitive element, since (as discussed in the section on the diode, 
10.4.4) the generation of a hole-electron pair by light is equivalent to the 
injection of a minority carrier by an emitter. The composite junction has 
the same collector multiplication factor a; to light falling on either the base 
p layer or nearby on the collector end zone; for in either case the primary 
vurrent of minority carriers from the light causes the same change AJ, in 
(he collector saturation current. Very sensitive photocells have been built 
on this principle. 

Besides the current multiplication factor, other properties of interest for 


hook collector are its impedance and its d-c characteristic. 

‘he impedance of a hook collector is readily obtained by regarding the 
alructure as a transistor; more precisely, as a transistor in a grounded-emit- 
(or connection, with the base lead to the p layer open-circuited—in fact, 
absent. Its impedance is therefore given in terms of the transistor equiva- 


lent cireuit elements of Fig. 10-9 by the following formula (Ref. 6, Equa- 
tion 40) 
z2=2+2-(1 — ar) (10-58) 


Ilove 2, and z, are the combined impedances of the elements in the emitter 
and collector branches, respectively. Accordingly the impedance of the 
hook collector is relatively low at low frequencies, since ap is close to 1; 
hit as the frequency is raised, the impedance at first rises rapidly. Since 
(ie design theory for all these quantities has already been given in Sec. 10.5, 
(here is little need for further pursuit of the subject here. 

Mimilarly the direct current comes from the solution of (10-52): 


Teg — arl 
I, = ———— + ail» (10-59) 

1— ar 
Ilere /, is the activating primary current supplied to the composite col- 
lector from some other emitter agency not shown, From this equation one 


woew that the first term, the saturation current of a multiplying “hook,” is 
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fairly large compared to the saturation current J,, of the simple collector. 
It may be said that the saturation current too undergoes multiplication. 

Mechanisms other than the “p-n hook” may also cause the collector 
multiplication factor to exceed unity. Some junction transistors have cur- 
rent amplification factors a both somewhat greater than unity and also 
dependent on temperature. Such behavior is very undesirable in the high- 
gain grounded-emitter connection, which is sensitive to the small difference 
between a and unity. (See Ref. 6.) An explanation follows. 

Suppose that a junction transistor is operating according to the descrip- 
tion in Sec. 10.5, with the single exception that the resistivity of the collector 
end zone is very high. Such a transistor may have an a slightly greater 
than unity in the following way.. Recall that part of the collector current 
consists of minority carriers collected from the collector end zone by diffu- 
sion. When the resistivity is high, the usual diffusion current of such mi- 
nority carriers to the junction may be appreciably augmented by a drift 
current arising from the electric field set up by the collected current in 
flowing through the end zone. This added drift current is nearly propor- 
tional to the emitter current. 

Since this added contribution to the collector current depends on the 
emitter current, it appears in the equivalent circuit as a contribution to 
the current multiplication factor a. The contribution may be enough to 
make a slightly greater than unity. To this extent a also becomes slightly 
dependent on the value of collector current used and on temperature. A 
cure for this disease is apparent: use low-resistivity material for the collec- 
tor end zone. 

An important source of collector multiplication is the collision-ionization 
effect which goes by the name of avalanche effect (Ref. 18). An empirical 
expression useful for approximate calculations has been found by 8. L. 


Miller: 
a(V.) = May (10-60) 
M = (1 — V./V»)” (10-61) 


Here a, is the current amplification factor at low collector voltages and M 
is the multiplication factor at high voltages. At the breakdown voltage 
V, the multiplication factor is infinite and the discharge self-sustaining. 
For germanium alloyed junctions of the p-n-p type, the empirical exponent 
n is about 3, while for n-p-n type germanium alloyed junctions n is about 6, 

Other mechanisms for collector multiplication are mentioned in See. 
10.7.5. 

To sum up the phenomenon of collector multiplication by a “p-n hook,” 
it is found that the action is very similar to the action of a transistor; that 
such a “hook” really is a transistor, electronically coupled to, and acting 
as a composite collector for, some source of minority carriers elsewhere in 
the unit. The analysis of the action can be in terms of the corresponding 
transistor, or can be broken all the way down into the component diodes, 
The multiplying collector can be incorporated as a useful building block 
into transistors and phototransistors, especially those which are intended 
to have high gain at low frequencies, 
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I'iq, 10-12 Point-contact triode: (a) schematic diagram; and (b) small-signal 
equivalent circuit. 


10.7. THE POINT-CONTACT TRIODE 


The design theory of the point-contact geometry for transistors is less 
well developed than for the larger-area ‘junction’ geometry, for several 
reasons. First, the geometry is at least two-dimensional, rather than one; 
(o a fair approximation, it is ellipsoidal, with the points at the foci. Sec- 
ondly, the rectifying action is more affected by surface conditions; and 
thirdly, the critical active regions are small enough to make measurements 
of their properties difficult. Consequently the discussion, although follow- 
ing the same pattern as Sec. 10.5 on the n-p-n planar triode, will be much 
More qualitative. Some empirical information available from exploratory 
design experimentation is presented in Chapter 11. The specific discussion 
and examples are for n-type germanium units, but some of the general re- 
iiurks apply more broadly. 


10.7.1 Trrope EquivALent Circuit. The electrical performance is 
specified by the small-signal equivalent circuit, Fig. 10-12(b), which is of 
(ho same configuration as the junction triode for the same reasons—namely, 
(he configuration corresponds well with the breakdown into electronic func- 
(ions and with the topology of the device. The elements of this equivalent 
viroult are closely related to the derivatives of the static characteristics. 
lor many uses, particularly of switching type, the elements of this circuit 
should be known for the entire possible ranges of bias currents or voltages. 
Oflon, especially at low frequencies, it is convenient to work with the static 
eharacteristics themselves rather than with their derivatives. 


10.7.2 Gunerat Features or Operation. The electronic functions 
onont in the point-contact triode are similar to those of the junction unit. 


(‘he emitter still injects minority carriers, in numbers controlled mainly by 
(he base potential; these are transported to the collector barrier, and there 
vollocted with multiplication. Fig. 10-12(a) schematizes the operation, 


with a couple of plus signs symbolizing the minority carriers in transit. 
Moat present-day point-contact transistors are transistors using holes as 
the active minority carriers and using n-type germanium for the main body 
of (he semiconductor, as shown in the figure, 
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Again it is possible to identify regions in the transistor with parts of the 
equivalent circuit, to a first approximation. Thus the admittance of the 
emitter branch of the circuit is nearly that of the emitter diode by itself; 
that of the collector branch, qualitatively that of the collector diode by 
itself; while the admittance of the base branch represents any feedback 
from the collector current to the emitter voltage, i.e., mainly it is a reflec- 
tion of the fact that both electrode currents flow through the finite bulk 
resistance of the semiconductor. The current generator az, across the collec- 
tor admittance represents the collection of minority carriers from the emit- 
ter, so that, just as in Sec. 10.5.5 for the planar transistor, 


a= a,By (10-62) 


In this way it would be possible in principle to derive values for the 
equivalent circuit elements from the physics, just as has been outlined for 
the junction units in Sec. 10.5; but it is more difficult to get quantitative 
accuracy. As was discussed in Sec. 10.5.6, such a first-order physical de- 
rivation of the equivalent circuit is approximate on two counts, both for 
simplifications made in deriving the circuit elements, and for lack of adjust- 
ments to make the elements independent of terminations. Nevertheless it 
is even now of value in indicating broad features, and its accuracy will cer- 
tainly be improved before long. 

According to Bardeen’s theory of surface states, the actual sites of emis- 
sion and collection are rectifying junctions within the semiconductor ma- 
terial, and which are separated from the points by small regions of conduc- 
tivity type opposite to that of the bulk semiconductor (Ref. 2, page 95). 
In this case, even though the bulk is n-type, the surface material is effec- 
tively p-type because of the presence of excess electrons in surface-energy 
states in sufficient numbers to repel into the interior not only the normal 
conducting electrons but also some of the valence electrons as well, thereby 
causing an excess of holes to predominate near the surface. The resulting 
r-n junction can act as an emitter in a manner rather similar to that of the 
‘deal junctions of Secs. 10.4 and 10.5. It could also act as a collector, but 
the collector action is usually enhanced by electrical forming, a process 
which also makes it more complicated. The points serve primarily to fur- 
nish electrical conducting paths to the active regions. 

There are some important qualitative differences in comparing the opera- 
tion of usual point-contact types with the ideal planar triode of Sec. 10.5. 
The first difference concerns the collection function; in point-contact tran- 
sistors the intrinsic collector multiplication factor @; is usually on the order 
of 3 and sometimes much more. This multiplication is explained by a 
mechanism somewhat like that described in Sec. 10.6 and by the action of 
traps which delay the minority carriers in transit. The feature of high 
current gain is especially useful in switching-type circuits since it can be 
translated into a d-c negative resistance characteristic with only a single 
unit, and consequently makes possible simple and efficient trigger circuits, 
In addition, the collector resistance r, is often much lower in point-contact 
than in junction units. , 

The second major qualitative difference in point-contact units concerns 
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the transport function. Rather than simply by diffusion, the minority car- 
riers are aided in transit also by the electric field set up by the collector 
current. The transit process is thereby speeded up so much that for equal 
spacings a point-contact transistor has a much higher frequency response 
than a junction unit. 

A third important difference concerning both emission and collection is 
that the areas of the rectifying junctions are so small that the emitter and 
collector capacitances are relatively unimportant in point-contact units. 
Consequently their bandwidth as amplifiers, or their speed of response, is 
relatively high. 


10.7.8 Notes on Portnt-Contact Dioprs. Although diodes per se are 
outside the scope of the present discussion, still, as a basis for understand- 
ing the electronic functions of point-contact triodes they are useful. The 
discussion therefore begins with comment on a few of the important fea- 
(ures of point-contact diodes made of n-type germanium. 

It is assumed that a suitable model for a point-contact diode is furnished 
by an ideal n-p junction diode of small area, otherwise rather similar to 
the diode of Sec. 10.4; but this diode is in close proximity to the point- 
contact electrode, and operated under conditions somewhat different from 
(hose assumed in Sec. 10.4. 

Broadly, the characteristic should be still somewhat similar to the ideal 
exponential relationship (10-5); but in detail, the argument differs at three 
points: 


(1) The geometry is non-planar. 

(2) More important, the current density is normally much higher be- 
cause of the small contact area. 

(8) The rectifying barrier, though located within the semiconductor, is 
so close to the electrode contact that it can hardly be regarded as 
isolated. (See Sec. 10.4.6 on end effects in diodes.) 


While a detailed analysis of this situation is not available, it is known 
that ordinary point-contact diodes have the following features different 
fvom isolated ideal planar junctions in comparable material. The various 
“solt breakdown” mechanisms of Sec. 10.4.3 may play a part here: 


(1) The back current, rather than approaching a constant saturation 
current, usually increases roughly proportionally to voltage. 

(2) In the forward direction, for biases greater than a few tenths of a 
volt, the barrier voltage drop usually becomes small compared with 
the series “spreading” resistance r, of the material. The spreading 
resistance drops somewhat with increasing current on account of 
conductivity enhancement by the injected carriers. 

(4) Particularly at high power inputs, the large current densities near 
the points may result in considerable local temperature rises. The 
thermal time constants often are less than a millisecond because of 
the small size of the heated volume. These fast thermal effects 
should be distinguished from effects due to heating of the unit as a 
whole, which are much slower, 
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Since the differences alluded to are overshadowed by the similarities, for 
many features the ideal diode is a reasonably reliable semiquantitative 
guide, even for point-contact units. For quantitative design information, 
statistical experimentation is used, as described in Chapter 11. 


10.7.4 Emirrer ADMITTANCE AND ErricteNcy. Just as in the case of 
planar (junction) triodes, so also in point-contact triodes the emitter char- 
acteristic has a shape much like that of the comparable diode; but for point 
contacts, the resemblance to an ideal diode is more remote. Qualitatively 
the conductance increases with current somewhat as in the ideal diode 
(10-15); but its value is smaller, particularly at large currents where the 
spreading resistance 7, (10-16), in series, becomes dominant over the barrier 
resistance. Note that not all the spreading resistance should be assigned 
to the emitter resistance 7... The part of r, which is associated with mate- 
rial more distant than the collector is really common to the two points and 
therefore should be assigned to the base resistance ry in the equivalent cir- 
cuit. Consequently, neglecting the emitter saturation current, the expres- 
sion for r, becomes 

kT 1 1 
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Here 2a is the diameter of the emitter point, and S is the point spacing. 
This formula is not of great quantitative value, since the bulk conductivity 
o is modulated by the forward current to an extent which is not precisely 
known but from experiment is evidently large. 

In the reverse direction the resistance is ordinarily approximately con- 
stant, for voltages not too high. The peak back-voltage in high-resistivity 
germanium is usually limited by increasing conductivity due to heating, 
but in low-resistivity material the breakdown voltage may limit to lower 
values. 

Little information is available on emitter capacitance. Both components 
are expected to be small. The transition region capacitance C7 is limited 
to a very small area, while the storage capacitance Cs also has a small 
storage volume between the points in normal operation, and is still further 
reduced because the average carrier velocity is relatively high, being carried 
by drift in the field of the collector rather than by diffusion. However, in 
one important case, described in Chapter 24, the storage capacitance does 
become important. Particularly for switching transistors when operated 
in a current-saturated condition, the collector becomes overloaded and un- 
able to pull out all the minority carriers which the emitter injects. The 
resulting accumulation of stored charge can cause appreciable delays in 
switching action, since even after the emitter is turned off, the collector 
voltage must remain low until the stored minority carriers die or are col- 
lected. This delay from stored charge occurs also in diodes, 

For emitter efficiency the ideal diode formula (10-29) is not very useful, 
Probably the carrier concentration next the barrier is still exponential, but 
the currents flowing away are here limited not only by diffusion, as the 
formula assumes, but also by other mechanisms, possibly including some 
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storage near the point contact. From statistical observations of the over-all 
short-circuit current gain alpha, it appears that the emitter efficiency [,/T, 
is usually fairly close to unity (perhaps 0.7 to 0.8) and does not depend 
very strongly on bulk resistivity, at least for n-type germanium in the range 
of 1 to 10 ohm-cm. 
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Te 
lig, 10-13 Current amplification factor a versus emitter current of germanium 
point-contact triode. 


10.7.5 CoLLecror ErriclENcy AND ADMITTANCE. In most point-con- 
(uct n-type germanium units the collector efficiency a; departs considerably 
from unity. Usually it is a higher and somewhat variable factor, which 
often approximates the value 3. The collector multiplication factor in such 
telype germanium units usually depends on emitter current somewhat as 
sketched in Fig. 10-13. The over-all current multiplication factor alpha is 
shown, which includes also the emission and transport factors y and 8; but 
(he principal features are thought to be due to the component a;, the in- 
\rinsic factor peculiar to the collector by itself. The curve shows alpha 
yoro When the emitter current is strongly reversed. Near J, = 0, alpha 
often (but not always) rises to a narrow peak, while for large forward cur- 
jonts alpha is roughly constant at a value of 2 or 3, dropping slightly as the 
vurrent increases. 

Vurious mechanisms and supporting experimental evidence have been 
proposed to explain this behavior. (Ref. 2, pages 108-113.) Possible 
eee include space charge, minority carrier traps, and the p-n 
“hook,” 

‘hese mechanisms have in common the fact that. they are all conjugate 
#milter mechanisms. It is supposed that the primary collector is an n-p 
j\inction inside the semiconductor; the collected carriers of one sign then 
ji{luence the emission of carriers of the opposite sign from a nearby emitter. 
More specifically, the holes are first collected across a primary n-p junction 
ii the germanium, which is under reverse bias. The space charge of the 
wollected holes then induces an enhanced emission of electrons from the 
point, ‘The total current is thus larger (by a factor «;) than the primary 
minority current being collected, The nearby point which causes the mul- 
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tiplying action is called a “conjugate emitter’ because the carriers it emits 
are of opposite sign to the primary collected current. — ; 

The physical situation under the collector point in units made from 
n-type germanium is in part known, and in part surmised from considera- 
tion of the electrical forming process which is used to develop the high col- 
lector efficiency. Experiments by L. B. Valdes (Ref. 9) have established 
the fact that under the formed collector point (Fig. 10-14) there exists a 
p-type region, the size of which increases with increasing vigor of the cur- 
rent pulses used to produce it. From the fact that it is advantageous for 
the collector to contain an n-type impurity (Ref. 14), it is inferred that 
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Fig. 10-14 Model of formed point-contact collector. 


there may be an n-type region directly under the point; but this small 
region has so far eluded direct observation. In addition, for the trap mech- 
anism, it is useful to postulate that the formed region contains traps near 
enough to the point so that their space charge affects its action. 

The action of the conjugate emitter structure may be described by say- 
ing that the hole current collected from the bulk n-material causes the en- 
hancement of electron emission from the point, so that the total current 
which flows is the sum of the two. Now if the enhancement is connected 
with the space charge of the holes as proposed by Bardeen and Brattain 
(Ref. 8), the effect must be limited when enough electrons have been emit- 
ted to neutralize the holes. Consequently the electrons and holes are pres- 
ent in approximately equal numbers; and if their flow is by drift in the 


electric field, then on account of the b times higher mobility of the electrons, — 


the total current is limited to (1 + 6) times the incident hole current. Since 
the mobility ratio b for germanium is 2:1, the corresponding limiting value 
of a; is 3:1. Many transistors do show a tendency to cluster near and 
somewhat below this value of a. é 
The enhancement of alpha at low currents can be explained by tinkering 
with the mobility ratio b through the mechanism of traps, as proposed by 
Shockley (Ref, 2, page 113), Says Shockley, “If a concentration of centers 
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which had the property of binding holes tightly could be produced directly 
in front of the collector, then the holes would tend to accumulate there with 
resultant increase in space charge. If we suppose that each hole spends, 
on the average, a fraction x of its time in these traps and a fraction 1 — x 
of its time moving with normal mobility, then the net effect will be to re- 
duce its mobility by a factor 1 — x and to raise the effective value of b to 
bore = 6/1 — x). If (1 — 2) is small, this process will lead to large values 
of bere and hence to large possible values of alpha.” Additional features 
were pointed out by W. R. Sittner (Ref. 10). Since the number of traps 
is finite, the enhancement of alpha would be limited to small currents and 
would disappear as the current is raised and the traps become saturated. 
The peak of alpha should become higher and narrower at low temperatures 
where the trapping probability is higher, with the area under the peak being 
proportional to the number of traps. Such a model, with a finite number of 
(raps at only a single energy level, has been shown by Sittner to give sug- 
Kestively close agreement with experimental curves of alpha versus emitter 
eurrent, over a range of temperature. Since this peak of the alpha curve 
is both sensitive to temperature and variable from unit to unit, operation 
of point-contact amplifiers at small emitter currents is not recommended. 

‘The shape of the alpha curve commonly observed can thus be accounted 
lor by the space charge of the minority carriers, working through the mech- 
unisms of the conjugate emitter and of traps. The production of the de- 
sired formed region beneath the collector by means of electrical pulsing 
will be described in Chapter 20. 

The immediate circuital property of a point-contact collector, its admit- 
lance, is usually several orders of magnitude higher than one would expect 
for an ideal exponential diode. Proximity of the collector junction to the 
wurface and to the collector electrode contact probably have important 
wlfects, but the greatest determinative factor of collector impedance of pres- 
nt transistors is the forming used. By equations (10-53) and (10-56), one 
would expect that, to the extent that the point collector resembles a p-n 
hook, the presence of the conjugate emitter would enhance both collector 
wilicieney and collector admittance by approximately the same factor 
|/(1 = ap), where ap is the current amplification factor of the formed region 
\inolf considered as a transistor, as in Sec. 10.6. Actually it appears that 
forming does not merely introduce a p region, but may also deteriorate 
warrier lifetime. Such a loss of lifetime would cause a reduction of collec- 
\ion efficiency, but the admittance would be further increased. Experi- 
mentally, as forming proceeds, the factor alpha (for large emitter currents 


where trapping is minor) rises to a maximum of about 2 or 3; while the col- 
lootor admittance shows no limiting value, and will eventually, if forming 
is continued, rise so high as to make the unit useless. 


The collector capacitance of a point-contact transistor is small, as one 
would expect from the small area. Its circuit effects are unimportant at 
(he frequencies commonly used,* 

(Quantitative design information on collector admittance at the present 





* However, the capacitance of the cartridge-type case (0.8 microemicrofarads) and 
of sookot and wiring may be important at high frequencios, 
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time is available only from empirical studies, such as are described in Chap- 
ter 11. 


10.7.6 Transport Factor AND BasE RESISTANCE. The transport mech- 
anism in point-contact units is considerably aided by the attractive electric 
field supplied by the collector current. In junction units, the collector is 
a large target which can be reached with high probability by random diffu- 
sion; but for a point collector, the target is so small that the probability of 
reaching it by random walk from the emitter is pretty dismal. Conse- 
quently, while planar junction collectors will operate with only a few tenths 
of a volt bias, most point collectors require a reverse bias approaching a 
volt before they will draw much current. Very heavy electrical forming 
makes the collector a larger and closer target and therefore improves the 
performance at very low voltages. 

For point-contact types even more than for junction units, since the ca- 
pacitances are small, the transport mechanism is the principal arbiter of 
cutoff frequency. At moderate collector biases, nearly all the emitted holes 
manage to reach the collector, and therefore the transport factor 6 is nearly 
unity at low frequencies. However, the transit time from emitter to col- 
lector depends very much on the path taken, as is evident from Fig. 10-15. 
This figure shows various paths that would be taken by minority carriers 
flowing from emitter to collector if the material were ohmic and if the col- 
lector current were four times the emitter current, and is taken from 
Shockley (Ref. 2, Fig. 4-11). Evidently at high frequencies the effective 
transport factor will be greatly reduced by interference between carriers 
whose paths differ in transit time by an appreciable part of a period. A 
very rough calculation gives for 6 a time constant + such that the associated 
cutoff frequency f. = 14r7 would be 

fe 
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Kia, 10-15 Current flow lines in a point-contact triode, 








(10-64) 
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where S is the point spacing and the other symbols are as before. While 
(his formula is quantitatively in error by a considerable factor, it is quali- 
tatively correct in indicating that for high frequencies (small r) it is im- 
portant to make the point spacing S small; and also that high collector cur- 
rent and high resistivity material are favorable factors. 

For base resistance ry an analogous calculation can be made, and for this 
purpose is more accurate. In a theoretical and experimental investigation 
by L. B. Valdes (Ref. 11), the following formula was derived for base re- 
sistance on the assumption that the bulk resistivity is not affected by the 
injected carriers: 

eee 

ea n (10-65) 
where W is the thickness of the wafer, which is supposed large in dimen- 
sions other than thickness. Some of Valdes’ experimental values of 7, as 
a function of point spacing are shown in Fig. 10-16, in which the curve 
shown is the relationship just given. 
Mince experimental fluctuations are 
not small, statistical analysis was used 
in reducing the data; and the values FORMING, 
of rp, are plotted in terms of 90 per 300 
vent confidence limits. It is seen that 
the curve gives good agreement for ry 
before forming, but that after form- 
ii 7» is Somewhat increased. 

Since low ry, is desirable to keep 
feedback small, this work indicates 100 
(hat to keep 7, low it is desirable to 
‘ine high-conductivity material and 
wide point spacing, provided that the 6 
rowultant deterioration in frequency 
yesponse is tolerable. The indication 
from (10-65) that the wafer should Fic. 10-16 Base resistance r, ver- 
lw thin is somewhat illusory on ac- SUS point spacing. Dotted lines show 
wount of the difficulty of making the ™2ety-per-cent confidence limits be- 
Hume contact truly ohmic, i.e., non- fore forming; solid lines, after 
omitting. sormang 

Aw the forward emitter current is increased, the base resistance ry, falls 
somewhat below the ohmic value on account of conductivity enhancement 
hy the injected carriers. 
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10.7.7 Summary ror Pornt-Contact Units. The discussion of point- 
vontuct units has been confined mainly to physical mechanisms; very little 
i\iantitative theory has been quoted. Some experimental design informa- 
(ion ia given in Chapter 11, The reasons for the lack of quantitative theory 
five been indicated in the introduction, With known mechanisms, how- 
ever, it seems clear that theoretical methods will in future be used more 
precinely, as is well exemplifiea by the more recent work, 
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Broadly, the behavior of point-contact units is similar to that of planar 
units, but more complicated on account of the geometry, the proximity of 
point contacts to the rectifying barriers, and the greater sensitivity to sur- 
face conditions. 





2 
10.8 NOTE ON STATISTICAL EXPERIMENTATION 
Theory is useful in reducing the amount of experimentation needed to : 
secure a given quantity of information. However, experimentation is not 
only the final arbiter of how accurate the theory is, but also is applicable 4. 
even when theory is unavailable. In particular, controlled statistical ex- 
perimentation is still the main reliance for quantitative design data on 5. 


point-contact units. 

Both applicability and need for controlled statistical experimentation 
are well illustrated by Valdes’ results on base resistance (Fig. 10-16). As 
is commonly the case, the results depend on a large number of factors, 3 
some of which are difficult to control or even to measure quantitatively ; 
for example, point spacings and sizes are critical to less than a thousandth 


of an inch, while surface conditions and forming are both critical and hard 8. 
to measure. Under such conditions it is often easy to attribute significance 0, 


wrongly to observed fluctuations, or to overlook small significant fluctua- 
tions in the presence of larger extraneous variations. As is well known, 
both maximum reliability of results and maximum economy of effort are 
then promoted by statistical experimentation. Furthermore such experi- 
ments are usually more accurate than elementary theory, since they neces- 
sarily do not fail to include all effects and since they are less subject to ap- 
proximations, other than the inevitable errors of observation. 


10.9 SUMMARY AND CONCLUSIONS ON DESIGN THEORY 


The present status of transistor design may perhaps be judged to be as 16 
follows: 10, 
(1) Many of the important mechanisms are known, and have been 17, 
worked out quantitatively for simple cases. 1h, 

(2) The breakdown into electronic functions, such as emission, collection, 1), 
etc., is useful first as a guide to understanding the over-all action, wm), 
and second as an aid both in constructing the quantitative theory 4 
and in planning statistical experimentation for design purposes. 4 

(3) Much of the theory now available is already quantitative within a F 
factor of two or better. The most accurate parts of the theory are 4, 
those concerned with planar geometry at low current densities (‘“p-n Oh, 
junction” theory). wi, 

(4) The design theory for point-contact (ellipsoidal) geometry is as yet 07, 


only semiquantitative for the most part. 

(5) Design experimentation by statistical methods is not likely to be dis- 
placed as the most accurate source of design information, Theory 
is often able to suggest experiments, to help interpret them, and to 
reduce the amount of such experimentation needed for arriving at 
definite conclusions, 
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a number of donors, rate of change of net donor concen- 
tration, collector multiplication factor with collector 
barrier voltage constant 
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diameter of point contact tm 
bias variables, mobility ratio [b(Ge) = 2.1] y 
equivalent circuit capacitance element 2 
collector capacitance 2 
emitter capacitance ®e 
storage capacitance Zw 
transition region capacitance & 
diffusion constant for holes [D(Ge, 7.) = 42.5 cm?/sec] ai 
environmental variables, factor B 
electric field Y 
critical (breakdown) field [Eg(Ge) = 200,000 v/cm] € 
statistical fluctuations £0 
conductance 

rate of thermal generation of carriers 
current M 
saturation current Mp 
collector saturation current Hn 
emitter saturation current 

activating primary current pP 
current density g 
Boltzmann’s constant es 
length of p region £ 
length of n region $ 
lifepath of minority carriers, value of light in lumens ¥ 
multiplication factor at high voltages 

conduction electron density 

carrier density in intrinsic material b 
conduction electron density in p-type region é 
thermal equilibrium value of np ‘ 
concentration of acceptor impurity i 
concentration of donor impurity n 
density of holes 

hole density in n-type region 0 
thermal equilibrium value of py, p 
charge on electron 

resistance, equivalent circuit resistance element e 


spreading resistance in series with barrier 

structure variables 

point spacing 

absolute temperature in degrees Kelvin 

standard noise temperature (293°K; kT,/e = 0.025 v) 

voltage, applied potential 

critical (breakdown) voltage 

width of forbidden band in volts [V,(Ge) = 0.72 v] 

external voltage drop across barrier 

thickness of base layer 

thickness of barrier layer, thickness of space-charge 
layer, thickness of wafer 
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thickness of space-charge layer 

a constant 

equivalent circuit impedance element 

combined impedance in collector 

combined impedance in emitter 

open-circuit impedances 

short-circuit current gain, amplification factor 

intrinsic collector current amplification factor 

transport factor 

emitter efficiency, emission factor 

dielectric permittivity (farads/cm) 

dielectric permittivity of vacuum [e, = 8.85 X (10)—!4 
farads/cm] 

dielectric constant [x(Ge) = 16] 

mobility 

mobility of holes, (Ge, 7) = 3500 em?/v see 

mobility of conduction electrons, (Ge, 7.) = 1700 
em?/v sec 

resistivity 

conductivity 

intrinsic conductivity [7;(Ge, T,) = 0.017 mhos/cm] 

lifetime of excess minority carriers 

Fermi level 

electrostatic potential 


SUBSCRIPTS 


base 

collector 

emitter 

intrinsic 

region of n-type conductivity, electron carriers (for L, 
T, wy D) 

reference value 

region of p-type conductivity, hole carriers (for L, 7, 
au, D) 

saturation, storage 
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Chapter II 


PRINCIPLES OF FABRICATION 


11.1 STATEMENT OF THE FABRICATION PROBLEM 


Part I and Part II of this book have described in detail the technology 
of semiconductor material refinement and have brought the processes in- 
volved to the point where fabrication of various devices is to begin. Chap- 
ter 10, on design theory, has related the electrical behavior of the various 
devices to the physical properties of materials and to geometry. In some 
cases, this has been done by deriving quantitative relationships from a the- 
oretical model; in other cases the relationships are empirical. In any event, 


these relationships which are comprised in the design theory serve as a — 


guide to the fabrication of devices intended for specific applications. 


Thus, the problem of fabrication is reduced to the construction of de- 


vices which satisfy the following objectives. 


(1) Foremost is the necessity that the device to be fabricated shall satisfy 
the electrical requirements of the circuit application and that its 
mechanical construction and size shall be compatible. Often specific 
electrical requirements may follow initial or exploratory device de- 
velopment, since it is necessary to have at least zero-order device 
properties to establish zero-order circuit designs (see Chapter 9). 

(2) In most applications it is necessary to have devices whose character- 

istics fall within reasonably narrow ranges. The devices must be 

fabricated so that they are reproducible. 

Also, in the great majority of applications, it is desirable to have the 

electrical and mechanical behavior stable with respect to time, tem- 

perature, and climatic conditions. That is, the reliability should be 
good. 

Whatever the device to be fabricated, it should be made in such a 

way that the construction processes are simple and economical and 

that the simplicity and economy are achieved without undue sacri- 

fice in operating characteristics, reproducibility, and reliability, Of 

course, the balance among performance, reproducibility, reliability, 

and simplicity of processing depends upon the extent of the applica 
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tion. For uses where many units of a particular design are required 
the economy of production must be carefully considered. Often in 
the stages of exploratory and intermediate development the eco- 
nomic considerations are suppressed in order to gain information, 
but these considerations must not be forgotten. 


The principles of fabrication to be discussed in the following chapters 
guide the construction and processing of useful electronic semiconductor 
devices which are intended to be reproducible, reliable, and relatively sim- 
ple in structure. Since the fabrication techniques to be described in Chap- 
ters 11 through 20 are of an exploratory and intermediate developmental 
nature, the economics has been somewhat suppressed. 

In presenting the material of the following chapters, it has been assumed 
that the reader has a good understanding of the field of transistors in gen- 
eral and has had sufficient contact with transistor circuitry and device de- 
sign to be familiar with the nomenclature. This familiarity can be ob- 
(ained from various publications which have appeared in book form as well 
as in periodicals. The fundamental book on the subject is Electrons and 
Iloles in Semiconductors by William Shockley, published by D. Van Nos- 
(rand Company in 1950. In addition, the reader is referred to the July 
1949 issue of the Bell System Technical Journal, especially to the article 
“Some Circuit Aspects of the Transistor’? by R. M. Ryder and R. J. 
Kircher which appeared in that issue. 

It, has been further assumed that problems of material refinement and 
junction growth are sufficiently understood from Parts I and II to produce 
starting material for fabrication which is under control and which can be 
obtained within a reasonable range of physical parameters. Certainly the 
availability of material which meets specified characteristics will affect the 
dlosign of devices. 

‘The number of transistor types has proliferated in recent years so that 
the industry-wide catalog, were one to be compiled, would resemble a vac- 
uum tube handbook. However, as with tubes, the number of basic fabri- 
cation steps common to many or to all types at once is much smaller. In 
general, there are two different approaches to the problem of fabrication 
and processing. Each particular type of device, including its characteristic 
processes, might be studied as a unit. Or the different operations common 
1o fabrication of many of the devices may be classified, each according to 
itn function without regard for the particular device type, and each such 
operation studied as an entity. Thus, for example, the cutting of germa- 
ium is a process common to all types of transistor, and knowledge of the 
principles of cutting is equally useful to an engineer in the fabrication of 
any of the several semiconductor devices. 

‘The study of operations performed in sequence on each of the devices to 
he considered would surely involve a great deal of repetition. Even the 
doseription of operations somewhat different for each type but similar in 
principle would become trite, By studying the fabrication operations 
(hemaelves and their functions, the engineer can recognize these functions 
in now fabrication processes, By applying his knowledge and skill in the 
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corresponding operations, he is able to design and to fabricate devices by 
a new process with almost as much confidence as by a proved process. 

For these reasons the study of fabrication is presented on a functional 
or operational basis. A discussion of this kind without examples would 
tend to obscure some of the practical problems involved; therefore two par- 
ticular examples of transistor fabrication will be used throughout to illus- 
trate the principles described. These are for a typical point-contact type 
and for a typical grown junction n-p-n hermetically sealed unit. Where 
these examples fail to illustrate a point, others will be used. Fig. 11-1 isa 
photograph of the two illustrative transistors. The external appearance 
only is shown, with a comparison of size to a paper clip. 

In order to clarify the fabrication, a flow chart (Fig. 11-2) is used to show 
the relationship of the various operations to the entire process in the order 
in which they appear. The flow chart should be kept in mind throughout 
the sections treating the fabrication problems. 





| 





Fig. 11-1 M1689 and M1752 transistors. 


11.2 THE FLOW CHART METHOD 


Fig. 11-2 is a generalized flow chart for semiconductor device fabrication — 
with boxes to indicate the general operations which take place in the proc= 
essing of transistors, diodes, and photocells. The arrows and the order of 
the boxes indicate the succession in which the various operations are per= 
formed, An attempt.has been made to break the fabrication down into 
classes which apply in general to all the devices under consideration, Every 
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Fie. 11-2 Fabrication flow chart. 


“lop in the construction of the devices is included among the operations 
fepresented by the boxes in the diagram, but in the case of some of the 
simpler devices one or more operations shown in the flow chart may not be 
tmuired, For example, a diode requires no final electrode attachment, so 
(hut step in the flow chart would be omitted. 

At this point, it seems advisable to discuss very briefly the various steps 
jiilieated and show how the operations apply in the case of the two chosen 


mxumples. Tig. 11-3 is a schematic diagram of the two transistors side by 
vile showing the mechanical structure. Each part is designated and its 
tlalive position indicated. 

‘ho first step in the fabrication of transistors and transistor-like devices 
ln the selection of structure and material properties which will fulfill the 
mud requirements of mechanical stability and electrical operation. This 
tholve is greatly expedited by use of a design theory, such as that discussed 
ii Chapter 10, which relates the starting material properties, the structure, 
and (he processing to the electrical characteristics of the completed tran- 


sietors, The complete design theory applies to mechanical structure as well 
i to the physical properties of germanium, for in many applications the 
Heehanical structures may have a profound effect on the electrical charac- 
terietion, For example, the structure may cause sufficient strain during 
jperature eycling to render the devices completely inoperable. ‘Thus, 
# subjects represented by the uppermost box in the flow chart include 
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Fig. 11-8 Schematic diagrams of M1689 and M1752 transistors. 


the choice of such things as encasing materials, contact composition, and 
geometry, as well as germanium properties such as resistivity and lifetime 
of the minority carriers. 

Following the selection of the values or ranges of the semiconductor 
properties, the germanium is evaluated to insure that the desired charae- 
teristics are present. .This evaluation involves the measurement of resis- 
tivity and lifetime of minority carriers which are the two physical param- 
eters most often used to specify the bulk properties. Various methods of 
measuring resistivity and lifetime have been evolved, and some of these 
have been discussed in Chapter 7 in connection with germanium refinement, 
The methods used to evaluate the properties of crystals, slices, bars, and 
dice are discussed in Sec. 12.1. In the case of material of a more complex 
nature, such as single p-n junctions and multiple junctions, further evalua- 
tion techniques are required. The junctions must be located and the dis- 
tances between junctions must be accurately measured. In some types 
there may be extremely thin layers between junctions, and hence it may 
be very difficult to measure the physical properties of the layers. How- 
ever, a figure of merit which combines layer resistivity and thickness as 
well as other parameters can be obtained in the form of an optical alpha 
measurement. This figure of merit is particularly valuable since it is di-+ 
rectly related to the current gain of a completed junction-type transistor, 
Evaluation techniques involving junctions are considered in Sec. 12.2. 

The section of the flow chart labeled Mechanical Operations on Semi« 
conductor represents the point in fabrication where the bulk material is 
cut to size and mechanically shaped, A variety of cutting methods can 
be used, In each, however, it is required that the cut surface be as free 
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as possible from cracks which might extend into the germanium. Such 
cracks can provide surfaces for recombination of holes and electrons, and 
can trap foreign materials to produce leakage paths. Thus, not only is it 
desirable to prevent fracture, but also it is desirable to maintain a high 
minority-carrier lifetime and high impedance to surface leakage. Among 
the methods by which relatively crack-free surfaces can be obtained are 
sawing with diamond and carborundum wheels, string cutting, magneto- 
striction dicing, liquid honing, and sand blasting. Where necessary, me- 
chanically finished surfaces are then obtained by abrasive grinding and 
lapping. These mechanical operations are described in Sec. 13.1. 

The next box in the flow chart of Fig. 11-2 represents the treatments 
Which are given to the semiconductor surface to clean it and prepare it 
for the attachment of soldered electrode connections. Since the mechani- 
cal operations on the dice of germanium have left them in a grimy and 
somewhat contaminated condition, various washes are necessary to de- 
grease and cleanse the surface. In some transistor types it is found ad- 
vantageous to electroplate the surface to facilitate soldering of contacts. 
A plated surface is used in the base contact of the point-contact unit 
shown in Fig. 11-3. Often the plating is done before the slice of germanium 
is cut into small dice. The various washing and plating treatments are 
described in See. 13.2. 

At this point in the fabrication, the germanium is ready for the attach- 
ment of electrodes. These, however, must be selected and processed before 
soldering. The upper box on the left side of the flow chart symbolizes the 
“valuation or measurement of the properties of materials from which con- 
(acts of all kinds are to be made. Such things as impurity content, thermal 
conductivity, expansion, and stiffness are considered. 

‘The wide range of electrode structures and functions is illustrated in 
lig. 11-8. The figure shows point-to-germanium contacts and a soldered 
“ormanium-to-metal base contact for the point-contact unit, soldered wire- 
(o-germanium contacts for emitter and collector connections in grown- 


junction units, and a gold-bonded base contact. 


‘he next box in the flow chart represents the mechanical operations 


wacessary to form the electrode materials into the shapes required by the 
alructure. For example, the points in the point-contact transistor are cut 
al un angle of about 45° and are polished to remove burrs. They are then 
hont to form an § spring for mounting in the structure. Other operations 
presented by the box are the cutting of metal ribbons for base contacts, 
(he forming of wires with a loop on one end to serve as emitter and collector 
wontacts in junction devices, and the mechanical forming of gold points 
for bonding. Since the sizes and tolerances are small, a large amount of 
jiduing is required, 


‘The selection and evaluation of point materials, the mechanical opera- 


tions, and the cleaning of these electrode surfaces in preparation for attach- 
ment are discussed in Chapter 14. 


The objectives in making soldered contacts to semiconductors are to 


obtain low impedance through ohmic or nearly ohmic contacts, to form a 
Mechanical support, and to provide a path for the removal of heat by con- 
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duction. The base contact in the case of the point-contact unit is soldered 
and forms the support for the die of germanium, as can be seen in Fig. 
11-3. The end contacts of the grown-junction unit are ohmic and form 
the support for the germanium bar. It has been found desirable to use 


solder with donor and acceptor impurities added to insure the obtaining _ 


of non-rectifying contacts to n-type and p-type germanium. A discussion 
of the types of solders and fluxes used, as well as tools and jigs employed 
to form solder joints, follows in Chapter 15. ne. ; 

Perhaps the most important part of the fabrication process of semi- 
conductor devices is the surface treatment. As was stated previously in 
the discussion of sawing germanium, it is desirable to have surfaces free 
of even microscopic cracks. The most desirable condition would be one in 
which the lattice of germanium atoms extends to the surface with no de- 
fects. It is obvious that a surface of this type cannot be obtained by 
mechanical means such as grinding and lapping, so at this stage in the 


process the germanium is etched chemically or electrochemically. Several — 


thousandths of an inch of material are etched away, leaving a surface free 
of cracks. Consideration is given in Chapter 16 to the methods of masking 
metal parts during the treatment, the etches used, the surface protection, 
and the tests to show the condition of the etched germanium. ; 

The next box in the flow chart represents the operations required to 
make the final electrode attachments. In the case of the point-contact 
units, this section deals with the placing of the points on the germanium 
surface. Such a positioning operation requires close control of point spac- 
ing and pressure. The jigs and tools used to hold the tolerances required 
are discussed in Sec. 17.1. In the case of a junction unit, the positioning 
operation is extremely critical. Since the p-layer of germanium is of the 
order of 0.001 inch thick, the methods of junction location must be ac- 
curate to within about 0.0001 inch, and the bonding of a fine gold wire 
must be done in such a way that no slipping occurs. The techniques of 
gold bonding and precise junction location are discussed in Secs. 17.2 
and 17.3. ; 

The next step in fabrication is the final surface treatment which takes 
place just before the devices are capsulated. Several chemical treatments 
have been devised to decrease the surface recombination velocity and to 
protect the surface against atmospheric conditions. It has been found, 
experimentally, that surfaces of point-contact devices are less sensitive to 
final surface treatments than those of junction devices. In fact, in the 
case of the high-speed operation of some point-contact devices, it is some= 
times desirable to have a low lifetime of minority carriers to decrease the 
storage effects. However, junctions seem to be extremely sensitive to sur 
face conditions. The various surface treatments are analyzed in Chapter 18, 

The box in the flow chart labeled Capsulation symbolizes the final me= 
chanical operations. At Bell Telephone Laboratories two general types of 
structure have been used to enclose and protect the semiconductor and 
electrodes. The first of these is the cartridge, It is the metallic tubular 
strueture which was.used on the older Type A transistors and which is 
even now used on several of the point-contact transistor types, It is de« 
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signed as a plug-in unit. The second has been called an hermetic seal type. 
It consists of an airtight glass and metal enclosure with lead wires entering 
through a seal. The wire may either be clipped short to form pins for use 
with a subminiature socket or be left long for soldering directly into a 
circuit. Chapter 19 treats the problems associated with capsulation. 

Point-contact transistors, at this stage, receive an electrical treatment 
Which is known as “forming.” To a great extent it is this treatment which 
(letermines the electrical characteristics of the completed transistor. Form- 
ing is essentially an empirical process, more of an art than a science, about 
Which very little is understood. However, models have been proposed 
Which explain the effects of electrical shock treatments and which allow 
some prediction of electrical behavior. Included in the section on electri- 
wal treatment is a discussion of the procedure of aging. As is well known 
in the vacuum tube field, aging has two main objectives: to stabilize units, 
wnd to weed out those units whose fabrication imperfections will cause 
short-period failure. These two objectives apply to transistors, diodes, 
und phototransistors alike. A detailed description of forming and aging is 
incorporated in Chapter 20. 

The story of the fabrication of semiconductor devices in the ensuing 
vhapters will follow the order of the flow chart. Each of the sections repre- 
wented by the boxes in the flow chart will be discussed in detail, not only 
{0 enumerate treatments but also to state as clearly as possible the under- 
lying principles of fabrication which guide engineers in their choice of 
processes. 


11.38. RESULTS: SELECTION OF STRUCTURE AND MATERIAL 
PROPERTIES AS GUIDED BY DESIGN THEORY 


‘The design theory of the previous chapter relates the electrical terminal 
hwhavior of semiconductor devices to the physical properties of the ma- 
terials involved in their construction. Not only the properties of germa- 
nium, but also the properties of the encasing materials and the properties 
of the electrodes contribute to electrical behavior. 

The rest of this chapter discusses the problems encountered in the selec- 
(ion of mechanical structure, in the selection of germanium, and in the 
selection of electrode materials. Where possible the choice of structure 
and material is guided by the design theory. 


11.8.1 Serecrion or Mecuanicau Structure. The mechanical struc- 
lire must satisfy the space limitations; protect the device from shock, 
vibration, and climatic conditions; supply sufficient power dissipation to 
prevent overheating; and be economical in production. Quantitative rela- 
(ionships between electrical behavior and mechanical construction have 
fol been completely worked out for inclusion in the design theory, but 
rather, structures have been designed with the expectation that they would 
Meet requirements. In most cases the structures chosen dd meet the re- 
(uirements placed on them by the applications for which they were de- 
miuned, Tig. 11-4 is a photograph of the various structures in which tran- 
wlstors, diodes, and photocells are being capsulated, 
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Fic. 11-4 Various transistor, diode, and phototransistor structures. 


ications where space is limited, transistors have been packaged 
in Ba Ike type is cori employed in circuits where the tana 
is soldered in place. The soldering technique eliminates the ae ty a 
sockets and thus reduces the space requirements. However, re is ee a 
to have easy access to the device, it is convenient to emp ae p ua ; 
transistor. The cartridge construction of point-contact ae ae ang 
the lead wire arrangement in the hermetically sealed devices fil - "I 
quirement. The volume of transistor and socket in this case requires a a 
0.15 cubic inch. The p-n junction photocell is extremely compact, requ! 
i bout 0.005 cubic inch. t 
eet protection of the devices seems adequate. Esteli 
transistors have been shock tested up to 20,000 g with no cl ape in ina 
electrical characteristics. Vibration of point-contact and junction ra 
sistors over the frequency range from 20 to 5,000 cycles per ee at ae 7 
tions up to 100 g has produced no detectable modulation of any 0 


transistor electrical Sparnelenaeh, 
The sensitivity of germanium surla I S 
the mye for protection. Since none of the known plastics: or bent a 
completely impervious to water vapor, the only sure protection wou 0 
by means of an hermetically sealed case, ‘This. solution to the problem 


ces to climatic conditions emphasizes 
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has some drawbacks, however. It increases the minimum size and subtracts 
from the big advantage of miniaturization. In addition, it complicates 
fabrication and increases costs. These drawbacks, however, are overruled 
in cases where devices are expected to operate under adverse conditions. 
‘The degree to which germanium surfaces must be protected from water 
vapor is indicated in Fig. 11-5. The saturation current of a junction tran- 
sistor is plotted as a function of relative humidity at room temperature. 
There is a sharp break in the curve at a point between 40 per cent and 50 
per cent relative humidity, indicating that protection is required for higher 
relative humidities. The figure was plotted for an exposed germanium 
surface, so it indicates a somewhat worse condition than if the surface were 
protected by glimp * and plastics. 

Most germanium devices are extremely sensitive to light and near- 
infrared radiation and, except for photocells which make use of this effect, 
(he devices must be protected against such exposure. Chapter 19 on capsu- 
lation will treat all of these problems further. 

‘There are three methods by which the heat generated in transistors can 
he dissipated: (1) radiation, (2) conduction, and (3) convection. 

Convection depends a great deal on the surrounding conditions, for 
Which it is difficult to state any quantitative expression without consider- 
ing special cases. However, the Stefan-Boltzmann law permits the calcu- 
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ig, 11-5 Effect of humidity on saturation current of an n-p-n junction. 


* A protective substance whose name is a contraction of “gluey impregnant,” The 
#homieal composition is given in Chaptor 18, page 886, 
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Fig. 11-6 Heat radiation from a surface. 


lation of heat loss by radiation. The law states that the power dissipa- 
tion in watts per cm? is 


W = of(T.t — T,*) (11-1) 


where c is the emissivity of the radiating surface and can be assumed to 


be about 0.75; f is the radiation constant (5.77 X 107!” watt/cm?deg*) ; 
T., is the absolute temperature of the unit; and 7’, is the absolute tempera- 
ture of the surroundings. The allowable heat rise in germanium is limited 
to perhaps 30°C. Fig. 11-6 is a plot of the heat dissipation per cm? as a@ 
function of temperature rise. In the case of cartridge-type transistors, the 
area of the cartridge which might be used to dissipate heat by radiation 
is about 1.8 em?. Thus from the graph it can be seen that with a tempera- 
ture rise of 30°C the power dissipated through radiation is about 30 milli- 
watts. 


Perhaps the best way to dissipate heat is by conduction. This is a more 


complicated problem in most cases because it involves the conduction 
through a layer of germanium, through a thin layer of solder, and through 
the metallic electrode to a heat sink. Solder is a poor thermal conductor, 
but the layers may be made thin enough to offer little resistance to heat 
flow. The thermal conductivity of germanium is about 0.63 watt per cm* 
for a temperature gradient of 1°C per cm. The amount of power which 
can be dissipated by conduction can readily be calculated from a knowledge 
of the geometry, the thermal conductivities, and the allowable tempera- 
ture rise. These considerations are given a more thorough treatment in 
the section of Volume II dealing with power transistors. 

Consideration of economy in the choice of structure depends upon the 
application and the quantity to be fabricated. In most present device 
the major cost of fabrication is labor, and consequently a structure shoul 
be chosen which is as simple to assemble as possible and which involv 
little hand work. A, molded plastic case of the type used for early capsu 
lated structures would thus seem to exemplify a good design for economi 
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reasons, although considerations of moisture penetration have led to the 
abandonment of this construction for junction triodes. However, it should 
be emphasized that in exploratory and intermediate development the need 
of reducing the cost of fabrication is overshadowed by the need for in- 
formation. 


11.3.2 SELECTION OF GuRMANIUM. There are many items of informa- 
tion that lead to an understanding of the physical processes which occur 
in semiconductors. For example, it is necessary to know such things as 
the forbidden energy-gap width, activation energies, mobilities of minority 
carriers, and many others, but the design engineer is most interested in 
(hose physical quantities which can be controlled and which affect the 
electrical characteristics. 

‘The parameters over which there is some control are these: (1) bulk 
resistivity, (2) bulk lifetime of minority carriers, (8) surface recombina- 
tion velocity, (4) conductivity configuration—both type and magnitude, 
(5) forming, and (6) geometry. The way that the desired electrical char- 
woleristics reflect themselves in the choice of germanium is described in the 
following paragraphs. 


Selection of Germanium for Single-Junction Devices. Consider first the 








(awe of a single p-n junction in which there is very simple one-dimensional 
oometry. Fig. 11-7 shows the voltage-current characteristic of such a 
tliode, The equation for the saturation current, J,, as given in Sec. 10.4, is 
ay kTbo? ( 1 + 1 ) (11-2) 

"gd +b)? Nonky — apLn 


which reduces at room temperature to 








I, = 0.24 X 1078 v= ce, S| A (11-3) 
p n 


whore J, is in amperes, p, and 7, are the resistivity and hole lifetime on 
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the n side of the junction, and py and 7, are the resistivity and electron 
lifetime on the p side. A is the cross-sectional area of the bar. From 
(11-2) it can be seen that the saturation current I, is quite sensitive to 
temperature. Not only does 7 appear explicitly in the equation, but the 
intrinsic conductivity, o;, is exponentially temperature dependent and is 


of the form 
o; = oe BIT (11-4) 


For germanium this is 
0; SE 1.4 X 104 S000 (11-5) 


Thus, it may be shown that the saturation current increases at a rate of 
about 10 per cent per °C. In most cases it is desirable to keep 7, as low 
as possible. Thus, it would at first appear that the lifetime should be as 
long as possible and that the resistivity should be made as low as possible. 
However, lifetime of minority carriers and resistivity are not entirely in- 
dependent. The presence of impurity atoms in the germanium causes a 
decrease in resistivity, but also increases the number of recombination cen- 
ters. It is found experimentally that heavily doped material has even 
shorter lifetime than might be expected from recombination theory. Thus 
there is a practical lower limit for the resistivity. Another variable affect- 
ing saturation current is the cross-sectional area of the bar containing the 
p-n junction. The minimum cross-section is practically determined by the 
ease of handling the small brittle pieces of germanium. For most junction 
devices this limit has been found to be about 0.025 X 0.025 inch. The fol- 
lowing values of resistivity, lifetime, and area are used in a particular 
grown p-n junction diode: 


Pn & 3 ohm-cm 
Pp = 0.5 ohm-cm 
A = 0.003 cm? 
Tn; Tp > 100 microseconds 


Thus the saturation current which would be expected from theory, equa- 
tion (11-3), is J, = 0.25 microampere. It should be pointed out that the 


surface recombination is assumed to be negligible in this case, but in prac= 


tical diodes may be large enough to increase the saturation current by a 


factor of 10 or more. 
The upper right-hand part of Fig. 11-7 shows a region of the reversé 
diode characteristic in which the current increases rapidly. The effect has 


been described in Chapter 10 and this section of the voltage-current char= 


acteristics is called the breakdown region. The voltage at which the cur 
rent rapidly increases is called the breakdown voltage, Vz. This voltage 
is reached in germanium when the maximum electric field in the junction 
becomes about 2 X 10° volts per cm. Thus, in the case of an abrup 
junction between two conductivity types, the relationship between resisti 
ities on the two sides and the breakdown voltage is given by 


48p, + 99p, = Va - (11-6 
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In most cases of junctions grown by the crystal-pulling technique, how- 
ever, the transition from n-type to p-type material is not abrupt but occurs 
over some finite distance. If it is assumed that the impurity gradient, a 
is linear across the junction region, (10-29) may be rewritten ti 


1 
a = —, X 2.48 X 1078 a 
Vp? x (il 7) 


where a is given in em~ (the change in impurities per cm® per cm). Thus 
for example, in the case of a p-n junction diode with Vg of about 10 volts, 
the concentration gradient across the junction should be about 2.48 X 10° 
om~*. Of course, it. is much easier to measure the breakdown voltage 
directly on a crystal of germanium than to measure impurity gradients 
but (11-7) will give an estimate of the rate at which a crystal should be 
doped in order to obtain the desired Vz. 

It has been shown in Chapter 10 that the capacity of a p-n junction is a 
function of the voltage applied. It has further been pointed out in Sec. 
10,4 that the capacity is inversely proportional to the square root or cube 
root of the applied voltage, depending upon whether an abrupt transition 
or a linear transition is assumed. In the case of junctions grown by the 
process described in Chapter 7, the capacity variation follows a law some- 
where between the inverse square root and inverse cube root, but for junc- 
(ions not too heavily doped, it is closer to the inverse cube root. Thus 
(ho barrier capacity for germanium may be written 


\% 
Cr =3 Xx 1073 (=) A (11-8) 


mlero-microfarads, where a is the impurity concentration gradient, V is 
(he applied voltage, and A is the cross-sectional area of the junction. As 
in example, the capacity of a typical p-n junction which has a cross section 
of about 0.0025 em? is 8 micro-microfarads at 10 volts. 

I! very low junction capacity is desired, it can be obtained by decreasing 
(he impurity concentration gradient through the junction. 

‘The capacitance, Cg, given in Sec. 10.4 is far from negligible and in the 
(ame of switching diodes may be a limiting factor. The effects of the stor- 
ue of minority carriers on the circuital behavior of p-n junction diodes are 
(incussed in a later chapter. When the diode is biased in the forward 
(liveetion, minority carriers are injected across the barrier. These are pres- 
ont in the bulk material at the time the bias voltage is reversed and must 
lw removed before the barrier becomes high impedance. They may be 
removed either by recombination or by collection at the barrier. The 
prowows may take as long as 5 microseconds, as is the case in a particular 
Application using a junction diode. 

‘here are several ways in which the storage effect might be reduced 
Vrom Seo, 10.4, , 

Cs = dglytp + (L = y)tal (11-9) 


(ean be seen that low lifetime of minority carriers reduces the capacity 
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Cs, but low lifetime or high resistivity increases the saturation current 
I, (11-3). It might be possible further to reduce minority carrier storage 
by geometric changes such that the volume of germanium in which the 
storage takes place is reduced. Thus the bar containing a junction might 
be cut so that the distance from the junction to the electrodes is on the 
order of a life path or less. Fig. 11-8 shows such an arrangement. This is 
somewhat impractical, however, because the electrodes, if not entirely 
ohmic, may inject minority carriers which in turn will degrade the junction 
properties. A discussion of the requirements of electrodes in Chapter 14 
will clarify this requirement. 
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Fig. 11-8 Possible structure to decrease storage effects. 


For a junction diode whose conductance is of the order of 500 micromhos, 
(11-9) gives Cs = 0.25 uf. This is about ten times the values actually 
obtained in experimental units, which again is an indication that the life- 
time of carriers is limited by surface recombination in devices of small 
cross-section. 

The selection of germanium for use in p-n junction phototransistors in- 
volves considerations very similar to those of p-n diodes. The phototran- 
sistor dark current is given by the expression J, in (11-3). This would lead 
to the selection of low-resistivity, long-lifetime material in order to de- 
crease the dark current. It is further desirable to have relatively high 
breakdown voltages so that a large voltage swing can be obtained in circuit 
applications. In order to keep Vz as high as 100 volts, it is found in prac- 
tice that the germanium cannot be too heavily doped. It is difficult to 
obtain a uniform gradient between two regions of high impurity content, 
Also, since the sensitivity to light drops off exponentially from the june= 
tion and is down to 1/e of its value in a life path L = V Dr, it is desirable 
to keep the lifetime of minority carriers as long as possible. Since lower 
resistivity material has shorter lifetime and lower breakdown voltage, there 
is a practical minimum to the resistivities chosen. In the case of a junction 
phototransistor, the following values are used: 


pn = 4 to 6 ohm-cm 
pp = 0.2 to 0.6 ohm-em 
Lifetimes greater than 150 microseconds have been found satisfactory, 
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Fig. 11-9 Single-crystal n-p-n junction bar. 


Selection of Germanium for Multiple-Junction Devices. The selection of 
material for multijunction devices includes the choice of resistivity and 
lifetime in each of the conductivity regions as indicated in Fig. 11-9, as 
well as the choice of base region thickness and barrier impurity concentra- 
tion gradients. It should be pointed out that it may be extremely difficult 
(o measure resistivity and lifetime of a thin layer such as that of an n-p-n 
junction transistor. If it is assumed that no current multiplication takes 
place at the collector barrier, the limiting current gain factor a is given by 
(he expression * : 


Ww 
pe 


IR 


(11-10) 





pole 


where p, and py» are the resistivities of the emitter and base regions, W is 
the thickness of the base layer, and L, = V/ Dr, is the life path of holes 
in the emitter region. Here it is seen that two requirements are that the 
ratio of pe/pp shall be as small as possible and that the base layer shall be 
uw thin as is possible with a high emitter lifetime of holes. Equation (11-10) 
mwumes that the transport factor 8 is unity. 
In the case of the junction transistor, it is desired to keep the maximum 
w us close to unity as possible, and in fact between 0.995 and 1.0. Equa- 
tion (11-10) thus requires the ratio 
ee < 0.005 
pole 





(11-11) 


The minimum W is limited practically since an ohmic contact must be 
ude to the layer, and about 0.003 cm is a realistic value. Life paths, 
/,,, wre relatively short in heavily doped germanium, and thus in order to 
wohieve the ratio above it is found necessary to use material of resistivity 
MALO po/py Of about 0.01, 

‘lhe equation for the transport factor given in Sec. 10.5 is 


(11-12) 





~ Fihookloy, Sparks, and Toal, Phys, Rev, Vol, 88 Wuly 1, 1952) p. 151. 
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where W is the thickness of the base layer in centimeters and D is the 

diffusion constant for holes. For grounded-base operation, the frequency 

cutoff due to phase shift in 8 (the frequency where |8| is 6 db down) is 

50 

f= Ww (11-13) 

Before selecting specific values for resistivity in the base and emitter 

regions, consideration must be given to other factors which affect the elec- 

trical behavior. The saturation current J, in amperes at room tempera- 
ture for an n-p-n junction transistor takes the form 


W 
I. = 0. —6 Fe Pb 
s = 0.24 X 10 ai ibe 
The indications from (11-14) are that collector resistivity should be low, 
lifetime high, and bar cross-section as small as possible in keeping with 
power dissipation and mechanical handling problems. However, there is 
a practical limit on the minimum p, imposed by the growing of germanium 
single crystals discussed in Chapter 7. In order that a resistivity pp» be 
obtainable with a reasonable experimental error, it is necessary to make 
N4 — Np in the base region about the same as Np — N,4 in the collector 
region. 
In most applications of junction triodes it is desirable to have as high an 
equivalent circuit collector resistance, r., as possible. The collector con- 
ductance from Chapter 10 (Sec. 10.5) is 


I elm = Pe 


2yV. Ly? polip 


From (11-15) the indications are that the collector barrier should be thi 
but with high enough breakdown voltage, that the p layer should be thin, 
that the ratio p/p» should be as small as possible, and that the lifetim 
should be long.’ 

On the basis of a compromise between theoretical optima and experi- 
mental limitations, the following parameters of a particular n-p-n junction 
transistor have been chosen: 





(11-14) 








(mS (11-15) 


pe ~ 0.005 ohm-cm 
pp ~ 1.0 ohm-cm 
pe ~ 1.0 ohm-cm 
W ~ 0.003 cm 
Te ~ 100 microseconds 
tp ~ 100 microseconds 
A ~ 0.003 em? 
The range in the above parameters may be quite large in some cases 
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It is difficult to measure 7, and py directly since the width of the p-layer 
is small, so some assumptions are necessary in giving the values. However 
if one assumes the above values of the parameters, it is possible to evaluate 
the design equations for this transistor. The low-frequency transport 


factor given in See. 10.5 is 
2 


B=1- OL? = 0.999 © (11-16) 
for the above values. Thus the alpha of the transistor would be 
a = 0.999 = 0.997 (11-17) 
14 oe 
pole 


where the emitter lifetime is assumed to be on the order of 1 microsecond. 
Aw will be shown in following chapters, the average values of a may not be 
a high as 0.997, but this is presumably due to surface recombination, a 
factor which was neglected in the above calculation. From equation 
(11-14) the saturation current expected for such a transistor would be 


I, = .075 X 10~* amperes (11-18) 


where this calculated value is again lower than the average value because 
surface recombination is neglected. In some isolated units, values of satu- 
tation current approaching 0.1 microampere have been obtained. 

‘lhe relationship between barrier capacity and width of the space-charge 
layer can be obtained from a knowledge of the dielectric constant. For 
#ormanium 


A 
Cr = 1.42 — 


- (11-19) 


whore the capacity is given in micro-microfarads. From a measured capac- 
MA of 8 mut at 10 volts collector voltage, the barrier thickness must be about 
* 107™* cm. 
Ii is then possible to calculate the expected collector conductance from 
({t-15), The value obtained for a collector voltage of 10 volts on this 


(Wanaistor is ; 
Jc = —6.3I, micromhos 


which is 6.3 % 107% micromhos at 1 ma emitter current. In practice 
vation of g, only as low as 25 X 107% micromhos have been obtained and 
thw average is somewhat higher. 

‘Tho frequency cutoff for an n-p-n transistor due to phase shift in the 


tanaport factor B in (11-12) is 


(11-20) 


w our example transistor this is about 5 megacyeles, 
Oonaiderations of barrier capacity and storage for multiple junctions 
similar to those of single junctions discussed above, 
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Selection of Germanium for Point-Contact Devices. The design theory for 
point-contact transistors has not yet been developed as fully as that for 
junction devices. There are some relationships between the electrical char- 
acteristics of point-contact structures and the physical properties of the 
germanium, but many of the relationships are empirical. A great deal of 
the information concerning resistivity, lifetime, and point spacing has been 
obtained by experimental techniques, and only recently have expressions 
derived from a model fitted the electrical data. The reasons that the design 
theory is not yet as complete for point-contact devices as for junction types 
are that the geometry is more complicated and that the effects of forming 
and of surface conditions are not completely understood. 

The regions in which the emitter and collector barriers lie are very close 
to the surface of the germanium, and thus variations in surface conditions 
may cause differences in electrical behavior which are unaccountable on 
the basis of present design theory. 

Because of the lack of a complete quantitative design theory, the selec- 
tion of germanium for point-contact transistors has been based upon em- 
pirical results obtained by statistical methods. As was shown in Chapter 


10, the design theory for a planar triode transistor is of great help in under- — 
standing processes and in presenting explanations of phenomena in a quali- 
tative way, but in only a few cases does it quantitatively explain electrical 


behavior in terms of physical properties such as resistivity, lifetime, and 
point spacing. 

The following paragraphs discuss the relation of some of the electrical 
parameters to the resistivity of germanium in order to give an idea of the 
range of material desirable for point-contact devices. On the basis of this 
information the selection of starting material for a particular point-contact 
transistor is considered. 

In discussing the effects of resistivity on the equivalent circuit param- 
eters, it should be pointed out that there is a spread in the data of perhaps 
25 per cent or 30 per cent and in some cases more, so that the plots are 
only an indication of a trend of these values with resistivity. In order to 
extract information of this nature from experimental units, it is necessary 


to analyze statistically large amounts of data. Fig. 11-10 is the result of 


BASE RESISTANCE, Pr, 





2 
RESISTIVITY IN OHM=CM 


Kia, 11-10 Dependence of base resistance on germanium resistivity. 
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such a study; it shows the effect, of the germanium resistivity on the base 
resistance rp of point-contact transistors. As can be seen, the value of 
ry, Increases with resistivity. The formula for 7, derived on the basis of 
ohmic behavior of a semiconductor (see Sec. 10.7) is 


n=— E 0.03% + 0.113(S)° 
,=— _ be — if _—_ a 

2S W 7) ray 
Which predicts exactly the sort of curve in the figure, where r, is essentially 
proportional to the material resistivity. 

; The physical model from which analytical expressions for emitter re- 
sistance might be derived should include contributions from at least three 
nources. These are spreading resistance, barrier resistance, and conductiv- 
ily modulation of the spreading resistance by minority carriers. The 
formula for the spreading resistance (Sec. 10.4) is 


p 


r= — 
4a 


(11-22) 


where a is the effective point diameter. It should be pointed out that 
ne rt of the spreading resistance is associated with 7, and has been accounted 
for in equation (11-21). However, the spreading resistance portion of 
', is thus directly proportional to the germanium resistivity. The portion 
uf the emitter resistance which is due to the barrier may be obtained by 
(lilferentiation of the voltage-current expression for the barrier and from 
lunar theory takes the form 


kT 
Tt = — 11-23 
i ( ) 
whore J, is the emitter current. It would thus appear that the contribu- 
tion to the emitter resistance due to the barrier is sensitive to current 


Hil In independent of the material resistivity. Effects of conductivity mod- 
(ution should be more apparent at high resistivities than at low resistivity 
anil would tend to make the re somewhat less than directly proportional 
(0) “ormanium resistivity. A plot of the variation of emitter resistance 
With the resistivity is shown in Fig. 11-11. It can be seen that the actual 
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Via, [lel Dependence of emitter resistance on germanium resistivity, 
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RESISTIVITY IN OHM-CENTIMETERS 


Fig. 11-12 Dependence of collector resistance on germanium resistivity. 


variation based on statistical results seems to fit the qualitative and semi- — 
quantitative considerations. 

The experimental relationship between collector resistance, 7-, and ger- 
manium resistivity is shown in Fig. 11-12. It is difficult to predict the de- 
pendence of r, on resistivity since the collector barrier is mainly controlled 
by forming. It is found that r- decreases as forming becomes heavier, 
and this will be discussed in detail in Chapter 20. The fact that r- is 
higher for high-resistivity material may indicate only that lighter forming 
is required to produce transistors with high alpha (a ~ 2.5 to 3.0), or it 
may be accounted for on the basis of the theory developed in Sec. 10.5. — 


RELATIVE I, REFERRED TO 100 PER CENT 


Oo 10 20 30 40 50 60 70 80 90 
100 
TEMPERATURE IN DEGREES CENTIGRADE 


Wa, 11-14 Temperature dependence of collector resistance as a function of 
resistivity. 









(he averages of about ten units of each resistivity, and show that the lower 
value leads to a more thermally stable device. Y 
l’or transistors which are designed for switching, it is desirable to choose 


and is fairly flat above 5 ohm-cm. Part of the explanation of the low 


8 
Z fabrication materials which optimize the large-signal behavior. Some of 
e ihe test points in the family of characteristics which specify large-signal 
s behavior are V.(0, —2), I-(0, —40), and V.(3, —5.5) (see Chapter 22). 
5 Wig. 11-15 is a plot of one of the most resistivity-sensitive of these test 
: points. The plot indicates that V.(0, —2), which is the collector voltage 
- With open emitter and 7, = —2 ma, increases with germanium resistivity 
a 
3 


-80 





RESISTIVITY IN OHM—CENTIMETERS 
Fig. 11-13 Dependence of alpha on germanium resistivity. 


1 
2 
o 


Fig. 11-13 indicates that the current gain of point-contact transistors 
is independent of resistivity. This is probably true because the transistors: 
are not considered formed until the alpha has reached a fairly high value, 

In most applications it is desirable to have the electrical behavior as 
independent of temperature as possible. Semiconductors are intrinsically 
sensitive to temperature, and the thermal stability of transistor characte 
teristics is a difficult problem. Both design theory and experimental data 
have pointed to lower resistivity germanium for improvements. Tig. 11-1 
is a plot of collector resistance, To, as & function of temperature for tw 
values of resistivity, 3 and 6 ohm-cm respectively. The curves represent 
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RESISTIVITY IN Sense 
Via, 15 Dependence of V,(0, 2) on germanium resistivity, 
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V.(0, —2) at the left end of the curve is due, perhaps, to lower breakdown 
voltages. As the impurity concentration Np — Na increases, the theory 
predicts higher internal fields and consequently lower peak voltages (equa- 
tions 11-7 and 11-8). 

It is found that J,(0, —40) decreases as resistivity 
should. However, in the presence of heavy forming, 
for low-resistivity materials, /.(0, — 40) increases. 

In general, the same sort of design theory which has been developed for 
junction devices should hold for point contacts. The geometry is more 
complicated and sometimes not known accurately. For example, the posi- 
tion of the barriers created by forming is difficult to determine and the 
resistivities and lifetimes cannot be measured. However, one may infer 
from planar theory that low resistivity and long lifetime are desirable to 
make the saturation currents low. Control of resistivity and lifetime in 
formed regions is difficult and depends upon the forming techniques. 
These are discussed in detail in Chapter 20. 

Chapter 10 has pointed out the factors which influence the frequency 
behavior of point-contact transistors. Since the high-frequency response 
is limited by a spread in transit time of the minority carriers, it is in general 
desirable to make the configuration such that transit-time dispersion is as 
small as possible. In the point-contact or ellipsoidal geometry, this can 
be done by decreasing the point spacing. Of course, there is a practical 
limit on the minimum distance between contacts, and this has been found 
to be about 0.001 inch. Another effect which tends to decrease the transit 
time and the spread in transit time is the creation of an internal electri¢ 
field in the region between emitter and collector. This aids the flow of 
holes toward the collector. 
current flow between collector and base through the bulk germanium, 80 
the field obtained is proportional to germanium resistivity. Thus, two 
factors which affect frequency cutoff are germanium resistivity and point 
spacing. 

As an example of the above relationships, consider the selection of ge 
manium which was made in the designing of a particular point-contac 
transistor for switching applications. The requirements are a good “on-off” 
ratio with a fairly fast response to input pulses; a large circuital negativ 
resistance, which means a large a; and reasonable stability with temper 
ture. These circuit requirements in the light of the above paragraphs & 
the following: 


decreases, just as it 
which is necessary 


(1) In order to obtain as large an impedance as possible in the “off? 
condition, the transistor should have a low J,(0, —40). This me 
material of fairly high resistivity, and light forming. 

(2) In order to obtain a low impedance in the “‘on”’ condition the ti 
sistor should have a low V,(3, —5.5). This means that heavy fo 
ing and close spacing are necessary, 

(3) In order that the negative resistance be large in magnitude, a sho 
be high, This means fairly heavy forming if the material resistivi 
is low, 


the electrical properties of devices during forming, 
of electrode materials must be considered, 


iluetivity, thermal expansion, stiffness, and ability to be wet by solders, 
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(4) The switching time should be as sh i istivi 
should be high with points cay are a eee 
(5) In order that the transistor be stable and independent of the circuit 
in which it is used, 7, should be small. This means low resistivit 
material, wide point spacing, and thin wafers of germanium : 
(6) The transistor should be as insensitive to temperature as possible 
This means low resistivity material. 
(7) The transistor should have as little hole storage as possible. This 


means high resistivity material to create high i 
short lifetime material. sa aaa has 


‘These material requirements conflict. Therefore, the choice m 

upon the relative weight of the requirements. The choice of ssa 
must be made in a range such that the electrical behavior is as insensitive 
as possible to small variations in material and geometry. These choice 

require a compromise. The values chosen are: ° 


Resistivity............... 3.0 to 5.5 ohm-cm 
Thickness of wafer........ 0.028 inch 
Point spacing............. 0.002 inch 


If these values are substituted in (11-21), the r i 
- ange of base resist 
he expected would be 75 to 135 ohms. The curve of Fig. 11-10 eae 
ee aes aes of r, might be somewhat lower, perhaps 50 to 100 ohms 
\is is quite close agreement since the derivati - 
aii actu tee ivation of (11-21) neglects con- 


The curves of Figs. 11-11, 11-12, and 11-13 i i 
I : ; 5 -13 predict the foll 
of small signal parameters for these transistors: oa 


Te ~ 125 to 135 ohms 
Te ~ 14,000 to 22,000 ohms 


a~n~3 


l'rom Fig. 11-15, the value of V.(0, —2 i 

jweted to be in the range from fi to aoe a ee 
It is thus possible to select germanium for point-contact transistors on 

the basis of statistical data, even though relationships derived from a theo- 

retical model are not yet available in the design theory. The spreads in 

electrical parameters which result from this selection are given in late 

thapters for the point-contact transistor. : 


| 1.3.3 SELECTION or Exvxcrropes. The electrode materials used in the 
+ ieation of transistors are often of importance to the electrical behavior 
i particular, the impurity content of collector and emitter points affects 
Other characteristics 
Some of these are thermal con- 
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Since these considerations are intimately related to the attachment of 
the electrodes, the discussion of the factors which lead to their selection 


is left to Chapter 14. 


11.4 CONCLUSIONS 


The reproducibility of transistors, diodes, and photocells is critically de- 
pendent upon the selection of appropriate materials for fabrication and 
upon the close control of the physical properties of these materials. The 
design theory which has been developed during the past years has been a 
great step forward, but it is far from complete. Quantitative relationships 
between the electrical characteristics and physical properties are available 
in many areas of the semiconductor field, but in other areas the only infor- 
mation is of an empirical nature and has been obtained by cut-and-try 
methods. Material control has been greatly increased with the introduc- 
tion of single-crystal germanium and has yielded transistors reproducible 
to the same degree as vacuum tubes. However, improvements in growing 
techniques and in the preparation of material by other methods will un- 
doubtedly provide an ever increasing degree of control and a large range 
of properties from which the design engineer may select. 


SYMBOLS USED IN CHAPTER 11 


impurity gradient, effective point diameter 
cross-sectional area of bar 

base, bias, mobility ratio (up/un) 
emissivity of radiating surface 

storage capacitance 

barrier capacitance 

diffusion constant for holes 

factor, logarithm base 

radiation constant 

cutoff frequency 

conductance, acceleration due to gravity 
collector current 

emitter current 

saturation current 

Boltzmann’s constant 

life path 

life path of holes in emitter region 
concentration of acceptor impurity 
concentration of donor impurity 
electron charge 

base resistance 

collector resistance 

emitter resistance 

spreading resistance in series with barrier 
point spacing j 
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sweet 


2 PAP 


Pb 
Pc 
Pe 
Pn 
Pp 


ot 
Tb 
Te 
Te 
Tn 


Tp 


absolute temperature in degrees Kelvin 
absolute temperature of surroundings 
absolute temperature of unit 

breakdown voltage 

collector voltage 

power dissipation, thickness of base layer 
thickness of space-charge layer 

(limiting) current gain factor 

transport factor 

emitter efficiency 

resistivity of base region 

resistivity of collector region 

resistivity of emitter region 

resistivity on n side of junction 
resistivity on p side of junction 
conductivity 

intrinsic conductivity 

minority-carrier lifetime in base region 
minority-carrier lifetime in collector region 
minority-carrier lifetime in emitter region 
minority-carrier lifetime in p region 
minority-carrier lifetime in n region 
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Chapter 12 
MEASUREMENT OF THE PROPERTIES 
OF STARTING MATERIALS 


In the fabrication of semiconductor devices, the properties of the germa- 
nium material are measured twice. This duplication is justified because 


the purposes of the measurements are different. In Sec. 7.3 are described — 


the measurements made on crystals by the crystal-growing engineer in 
order to determine the properties of the finished products. These meas- 
urements are made to enable delivery of suitable crystals and to establish 
production controls. On the other hand, to the device development engi- 
neer the crystals are the raw material used for building devices. He must 
remeasure their properties for evaluation purposes. Soe 

This chapter will discuss the evaluation of the material in order to deter- 
mine whether given crystals will yield devices having characteristics within 
a particular acceptance range, as predicted by the design theory. This 


chapter also includes data obtained by synthesis of devices to check design 


theory predictions. Therefore, it will discuss not only measurements of the 
basic properties of crystals, such as resistivity, lifetime, and junction prop= 
erties, but evaluation of the crystals on the basis of the properties of devices 
made out of them. Table 12-1 shows the properties of the crystals which 
have to be measured and which will be discussed in this chapter. Obvi- 
ously, more measurements are needed for junction material, which includes 
n-p-n as well as n-p crystals, than for material of a single conductivity type, 
The first part of this chapter describes the evaluation measurements on 


TABLE 12-1 MEASUREMENTS ON SEMICONDUCTOR STARTING 
MATERIAL FOR PURPOSES OF EVALUATION 


en a 
JUNCTION MATERIAL 








SINGLE-CONDUCTIVITY TYPE 


Resistivity measurements 
Lifetime measurements 
Location of junctions 
Junction properties 
Device evaluation 


Resistivity measurements 
Lifetime measurements 


Manipulator evaluation 





204 
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single-conductivity type material. The second part describes the addi- 
tional measurements required on junction material, as well as any precau- 
tions required in the use of previously described tests on junction material. 


12.1 EVALUATION OF MATERIAL OF SINGLE-CONDUCTIVITY 
TYPES * 


For single-conductivity type germanium it is believed that measure- 
ments of the conductivity type, the resistivity, and the lifetime of minority 
carriers are adequate for specifying its properties. However, the expense 
of building a large number of devices from a crystal justifies a more direct 
evaluation of the material, as by building a small number of test devices 
from a small section of the crystal. This type of evaluation is called ma- 
nipulator evaluation because a micromanipulator is used to support and 
position accurately a part of the structure of the devices. 

It is important to measure the properties of the starting crystals ade- 
(juately because no control of the finished product can be expected unless 
strict controls are maintained at every step in the process. Statistical con- 
(rol of starting material is required because it has been found that resis- 
livity and lifetime affect the parameters of finished transistors directly. 
Kesistivity is most critical, and in some cases it is necessary to control it 
(o within 10 per cent. Resistivity measurements, lifetime measurements, 
und manipulator evaluation of devices are described in that order in the 
remainder of See. 12.1. 


12.1.1 Resistrviry MeasuREMENTS. Resistivity measurements are the 
first, measurements made on a crystal of germanium after receiving it from 
(he growing laboratory. The crystal is first sliced lengthwise in half, or a 
{lat surface is ground on its side. On this surface the resistivity of the 
wrystal is measured as a function of distance along the direction of growth. 
A typical resistivity profile in the direction of growth was shown in Fig. 
7-4, These measurements serve to locate that part of the crystal which is 
\imable (has resistivity in the proper range). If the crystal meets the other 
“valuation tests, more resistivity measurements may then be taken to 
loonte accurately the boundaries of the usable region, thus determining 
What part of the crystal can be sliced for device construction. For some 
point-contact transistors the usable material should have a resistivity be- 
(ween 3.0 and 5.5 ohm-cm. 

Measurements made on whole crystals or half-crystals determine the 
properties of only the outside surfaces of the material selected for device 
lubrication, Supposedly the original slicing of the crystals exposed those 
surfaces where the greatest variation in resistivity is observed. There can 
lw no certainty, however, that the resistivity inside the part of the crystal 
selected for use is everywhere within the specified range. If it is desired 
to be certain that every device has the proper material, it is necessary to 
iiuke measurements of resistivity on individual dice of germanium. 

In many cases it is desirable to measure resistivity in bars of germanium, 


r "Hoo, 12,1 ia by L. B, Valdes, 
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This type of measurement is more cumbersome than those on crystals or 
on dice, but on the other hand it is more accurate. The subsection on re- 
sistivity measurements is thus divided into three parts according to the 
geometry of the material to be measured. Measurements of resistivity on 
crystals, bars, and dice are discussed in that order. 


Resistivity Measurements on Crystals. Measurement of resistivity on 
whole crystals or half-crystals permits determination of the crystal proper- 
ties before processing the material for device fabrication. Such measure- 
ments must be simple and accurate since they determine to a great extent 
whether a crystal or parts of it are to be used. The evaluation at this stage 
is based on the assumption that material within a limited range of resistivi- 
ties is desired. The finished products of these measurements are crystals 
marked to indicate the usable portions. 

Basically most resistivity measurements are alike: current is passed 
through the specimen by means of two electrodes and the floating potential 
across another pair of electrodes is measured. If the contact resistance of 


the current-carrying terminals is negligible, the second pair may be elimi-— 


nated and the potential may be measured across the same pair of electrodes 
as used to pass current. This, of course, is not the case in most metal-ger- 
manium contacts. As a matter of fact, even when the four-electrode 
method is used, care must be taken to minimize the injection of minority 
carriers at the current-carrying electrodes. 

Ohmic contacts prevent the injection of minority carriers into the semi- 


conductor. Injected minority carriers would increase the total carrier den-— 


sity in the sample, thus increasing the conductivity and affecting the meas- 
ured floating potentials of the two point contacts. To minimize these 
errors, soldered contacts, ohmic-bonded connections, or point contacts on 
a rough (lapped but not etched) surface are required. 

Resistivity is measured by lowering four points onto a flat surface of the 
crystal. These points should be close enough to each other and far enough 
from the other boundaries of the crystal that the latter do not influence the 
field near the points. Suppose that four points located along a straight line 
at known (approximately equal) spacings from each other are lowered onto 
a semi-infinite volume of germanium. The physical model for this set-up 
is shown in Fig. 12-1. There it is indicated that current is passed through 
the two outer electrodes and the floating potential is measured across the 
inner pair. The spacing between probes is labeled s,, sg, and s3. 

The resistivity p of the material is given by 


oe 2r (12-1) 
eR aid 1 1 


ot, 
8: 83 (81 +8) (83 + 89) 


and is in ohm-cm, if the dimensions are in cm, and if V and J are measured 


in volts and amperes, respectively. If 8; = 8 = 8; = 8, (12-1) simplifies to 


p= aon ; (12-2) 
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_--- PROBES 


_- SEMICONDUCTOR 





Fig. 12-1 Four-point resistivity measurements. 


‘These formulae are subject to the assumption that the diameter d of 
wach point contact is small compared with the point spacing s. If d/s < 
0,05 the accuracy of the measurement should be better than 2 per cent. It 
in assumed also that the boundaries of the crystal are far from the probes. 
'l'o show the error introduced by the proximity of the probes to a reflecting 
boundary, Figs. 12-2 and 12-3 have been prepared. Percentage error 


actual resistivity — measured resistivity 
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Fig. 12-3 Resistivity probes perpendicular to and near a reflecting boundary. 


and the surface | and point spacing s. Two conditions are indicated: the 
case in which the line of the probes is parallel to the nearest surface, and 
that in which it is perpendicular to the surface. 

A particular set of probes that has been found suitable for four-point re- 
sistivity measurements is shown in Fig. 12-4. Four 0.020-inch diameter 
tungsten wires with the tips ground to sharp points are used as probes. 
These slide up and down in accurstely machined holes in a piece of black 
bakelite which keep the spacing »etween points constant at 0.050 inch. 
Phosphor-bronze springs provide 1 sliding contact on the points because 
all the points may not contact the surface of the germanium crystal simul- 
taneously, and a rigid connection would build up very large pressures on 
some points. The tension on these springs is generally adjusted so that 
deflection of about 0.002 inch produces 30 gm of force on each point. 

It is believed that point pressure does not significantly affect the meas- 
ured value of resistivity. Excessive pressures, however, damage the points 
so that if a micromanipulator is used to lower the resistivity probe onto 
the surface of the crystal, it is desrable to standardize on the same spring 
deflection for all measurements. 

The electrical circuit for resistivity measurements is relatively simple. 
Current is passed through the twc outer probes, and the floating potential 
is measured across the two inner points. A high-impedance voltmeter is 
necessary to avoid any errors introduced by the resistance at the metal- 
semiconductor contact. A potentiometer-type instrument is useful because 
of its large input impedance. 

The resistivity of the sample for a point spacing of 0.050 inch (equal 
spacing between all points) is givn by 


V 
p= 03> ' (12-3) 
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Most samples measured have resistivities in the range of 0.01 to 10 ohm-cm 
so that a lower limit on the current to be used is set by the ease of measur- 
ing small voltages. An upper limit must be placed in order to guard against 


where J is the current flowing through the bar, A is the cross-sectional area 
of the bar (A = w;‘We), V is the measured potential difference between 
probes, and s is the spacing between the two probes. The electrical meas- 





the case in which the contacts are not perfect and there is substantial mi- uring equipment may be identical to that previously described; the current 
nority carrier injection into the specimen. Also at large currents there is is fed through the end of the bars and the potential is measured between 
appreciable heating of the sample. the probes. 


Fig. 12-5 shows the effect of current 
on the resistivity of a 6.3 ohm-cm 
sample. In this sample the temper- 
ature was at least 30°C above ambi- 
ent with 100 ma. A current of 1 ma 
is ordinarily used for measurement. 
In certain cases where a large num- 
ber of resistivity measurements need 
to be taken, several variations of the 
equipment described here have been 
built. The most radical departure 
was a method for taking a continu- 
ous plot of resistivity versus distance 
in a crystal. The probes were 
dragged along the surface, and an 





Fig. 12-6 Resistivity measurements on dice. 


CHANGE IN RESISTIVITY IN PER CENT 


Resistivity Measurements on Dice. The dice of germanium are the pieces 
of material that actually are used in point-contact devices. Resistivity 





iiaciily Seingusde easeos automatic recording system was used measurements of dice thus provide a final test for the rejection of material 
IN MILLIAMPERES to plot resistivity versus distance. before it is used in the fabrication of devices. Furthermore, the data ob- 

Fig. 128° Béfect of current The main disadvantage of most (ained are useful for establishing statistical controls on the production. 
on measured resistivity. schemes that drag the probes on the The four-point resistivity measuring method, which is used on crystals, 


in also used here. However, because the dice are small in size, it is not 
possible to assume that the boundaries of the material are far removed 
from the probes. In order to get measurements that are indicative of the 
resistivity of the dice, a special probe has been constructed. Also the 
mathematical problem of the probes near a boundary has been solved. In 
(his analysis it was assumed that if the probes are placed as shown in Fig. 
\2-6, the side boundaries of the die may be neglected and only the lower 
boundary has to be considered. This boundary is considered to be a con- 
(lucting sheet because one side of the germanium slice is usually plated with 
metallic conductor prior to cutting the slice into dice. 

In order to solve the problem of the resistivity probes near a conducting 
houndary, it was assumed that the spacing between points was equal. 
Ilowever, if in actual practice the spacings differ by no more than 10 per 
wont, the expression derived on the basis of equal spacings can be used with 
4 correction factor which is actually the ratio of (12-1) to (12-2). The re- 
aintivity of a die is thus 


surface, rather than lifting and mov- 
ing them, is the damage suffered by the probes. 


Resistivity Measurements on Bars. Resistivity measurements are made 
on bars in cases where it is desired to obtain a more accurate answer than 
is possible with the four-point method. This is the case when it is desired 
to calibrate the four point probes with material of accurately known resis- 
tivity. Large-area soldered contacts, which minimize the injection of mi- 
nority carriers, and the geometry of the bars, which can be measured very 
accurately, are responsible for the increased accuracy of measurement, 
However, this method cannot be recommended for routine evaluation of 
crystals because the material must be machined into bars of accurately 
known dimensions. 

The method of measurement is essentially the same as described for the 
four-point method except that the geometry of the sample is different. In 
this case, a piece of the crystal is cut into a long rectangular bar of accu 
rately known dimensions. Soldered ohmic contacts are made at the two 





ends of the bar for the purpose of passing a current through the bar, and V Qn 
two points are placed on the surface of the bar separated a known distance ee ak (w/s) (12-5) 
s in the direction of the field. The resistivity p of the specimen is we oho, ery, Se Saetiemee, Se eee em 
8 = 83 8 BQ 8h +H BQ 
V.é 
pap ee (12-4) where V is the voltage measured across the inner probes, J is the current 
8 : 


through the outer pair, 8, 8, and ay are defined in Fig, 12-6, and R(w/s) 
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Fic. 12-7 Chart for use in resistivity measurements of dice. 


is the term plotted in Fig. 12-7 which is due to the finite thickness of the 
die. The term R(w/s) is shown as a function of the ratio of die thickness 
w to the spacing between probes s, where s = 8s; = S82 = 83. 

The probes that have been built for the measurements have a point spac- 
ing of 0.010 inch between individual points or an over-all width of 0.030 
inch. They are small enough to fit on the smallest dice (a standard point- 
contact transistor die is a square, 0.050 inch on a side) and the probes 
must still be far enough from the sides to neglect their presence. Also for 
the thinnest dice (about 0.010 inch), the correction factor R(w/s) is near 
enough to unity so that small errors in the measurement of die thicknesses 
do not affect the computed values of resistivity appreciably. 

A photograph of the probe which shows some of its constructional details 
is shown in Fig. 12-8. The spacing between points is accurately controlled 
by mica spacers, while S-shaped springs adjust all points to approximately 
the same contact force for a certain deflection. The points are 0.005-inch= 
diameter tungsten wires with sharp tips. This probe, like the others, i# 
mounted on a micromanipulator which is used to lower it onto the surface 
of the die being measured. 

Since it is easy to think of this measurement of resistivity only as & 
method for rejecting undesirable material, it is proper to emphasize the 
possibilities of this tool as a means for keeping the production of devices 
in statistical control. Resistivity measurement at this stage is one of the 
two intermediate electrical measurements that can be made during thé 
fabrication of point-contact transistors, and intermediate measurements 
are always extremely valuable for keeping a process in control. ‘These 
measurements generally show variations before the irregularity is observed 
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Fig. 12-8 Small resistivity probe. 


ii the finished product, and they often indicate the source of variation. 


‘The only other intermediate electrical measurement is the measurement of 
(\Wansistor characteristics prior to forming. 


12.1.2 M®ASUREMENT OF HOLE AND Evecrron Liretme. The lifetime 
0! minority carriers is measured in germanium crystals to determine their 
sullubility for device fabrication. Lifetime enters into the expression for 
(he emitter efficiency y and for the transport efficiency 6 of minority car- 
flor from emitter to collector. Both y and B linearly affect the alpha of 
the devices, The saturation current of p-n junctions depends on the resis- 
livily and lifetime on both sides of the junction. Germanium crystals of 
# (ype are ordinarily used for point-contact transistors, and it is hypoth- 
taived that forming produces a p region and p-n junction. The p-n junc- 
tion theory applies to the collector barrier. Lifetime is also important if 
the metal-semiconductor contact is described by the surface-states theory. 
Minority carrier lifetime plays a large role in determining the small-signal 
and large-signal characteristics and also affects other phenomena, such as 
Minority carrier injection from the supposedly ohmie base connection, as 
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well as hole storage in the device, in both junction and point-contact tran- 
sistors. 

Recombination of carriers takes place both at the surface and in the ~ 
bulk of the semiconductor (Ref. 1). In the small dice used for transistors 
the surface area is so large that volume recombination often becomes un- 
important. In such cases it is only necessary to require that the bulk life- 
time of the starting material be above a specified minimum. For instance, 
in some point-contact transistors, the hole lifetime need only be greater 
than 75 microseconds. However, it is necessary to measure each crystal 
because there is at present no certainty that all crystals will have an ade- 
quately high bulk lifetime. 

The spatial resolution of the method of measurement to be described is 
not very good, and the measurements must be made on whole crystals or 
half-crystals of germanium. There is no counterpart to resistivity meas- 
urements on bars or dice, and the only reliable methods of lifetime measure- 
ments for small pieces of germanium involve much more elaborate equip- 
ment * or are suitable only for multiple-conductivity-type material. 

This method, known as the Morton-Haynes method, is convenient, fast, 
and reasonably reliable and reproducible. The description is divided into 
four parts: principles of measurement, equipment, techniques, and evalua- 
tion of results. 


Principles of Measurement. The method for the measurement of lifetime 
r involves the measurement of the diffusion length of minority carriers in 
single-crystal germanium. Th 
physical model is shown in Fig. 12-9 
' Essentially the method consists 
liberating hole-electron pairs by ligh 
on the surface of a germanium cry) 
tal and measuring the concentrati 
of minority carriers as a function 
distance from the point where th 
are liberated. 

In the physical model the surf 
is shown to be illuminated with a li 
of light, and a detecting point co 
tact is located a distance r from t 
center of the illuminated line. It 
order to treat this model, certa 
assumptions must be made. It must be assumed that the illuminated a 
is an infinitely long line, which is a good approximation if the width of t 
line is less than }érmin and the length is at least 4 X rmax. If surface 
combination is assumed to be negligible, the measured lifetime is the volu 
lifetime, and the injected carriers flow along radial lines. The field of th 


COLLECTOR POINT 
' 


(LLUMINATED 
AREA ~ 






is. VOLTAGE 
=-- SOURCE 


Fie. 12-9 Physical model. 


*W. Shockley, G. L. Pearson, and J. R. Haynes, “Hole Injection in Germani 
Quantitative Studies and Filamentary Transistors,’ Bell System Tech, J, Vol, 28, 
8 (July 1949) p, 335, ‘ 

{ See, 12.2.4, 
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collector point must be small and concentrated in the immediate vicinity 
of the point, or the field will affect the flow of injected carriers. This flow 
must be due only to diffusion. Finally, the illuminated area and the point 
must be far from the sides of the crystal, or carriers will be reflected from 
those surfaces and produce a false reading. In actual practice, if the line 
of light and the point are more than 1.5 times the diffusion length of mi- 
nority carriers away from the sides, this condition is satisfied. Reflecting 
surfaces orthogonal to the axis of the 
line can be closer to the illuminated area. 
The mathematical model is presented 
on Fig. 12-10. Starting from the diffu- 


sion equation for holes in n-type ma- 
torial, 
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(ransforming it to cylindrical coordinates 
(0 consider radial flow only, and setting the boundary conditions that 


r 
Pp = potHy? (: =) at r = 19 


‘LINES OF 
CARRIER FLOW 


Mathematical model. 


Vip — —— = 0 (12-6) 


Fic. 12-10 


(12-7) 
and . 
p=0 atr=o (12-8) 
one finds the solution to be 
. . r 
p(r) = potHy? (i -) (12-9) 


Dp 
where p 


“p 


added hole density, 
diffusion length for holes. 


‘This solution is expressed in the form of a Hankel function of pure imagi- 


hury en This expression approaches infinity as r — 0 and at r/Lp 
very large, 


. . r 
iHy? (: ) = Ke-!4p (12-10) 
Dp 


, ae ; : ae 
I'he normalizing constant K is not important in this measurement. 


Deveription of Equipment. The surface is illuminated with a line of light 
Which is interrupted at a low audio-frequency rate. The carrier concentra- 
(ion is measured by a collector point biased in the reverse direction, since 
(he current through such a point is linearly related to the minority carrier 


‘lenwity, The use of chopped light permits measurement, with an a-c volt- 
ieler, of the voltage across a resistor in series with the collector, thus 
mparating the minority carriers liberated optically from the steady-state 
Honeentration, ‘To collect the carriers more readily at the point and increase 
the signal-to-noise ratio, it is desirable to form the collector electrically. 


A whematic diagram of the equipment is shown in Fig. 12-11, The 
ht from a tungsten ribbon lamp is focused on a slit and interrupted as a 



























276 PrincipLEs oF DEVICE FABRICATION 


MIRROR 
ne 
. \ \ 


XS eget 
/ 

/ 

/ 


i! CHOPPING 





FORMING 
CIRCUIT 






GERMANIUM 
CRYSTAL ~ 


DETECTOR 
AC 
(VOLT METER) 


Fig. 12-11 Schematic diagram of equipment. 
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square wave by means of a chopping disk driven by a synchronous motor, 
The image of the slit is projected on the surface of the germanium crystal 
by a lens whose position is adjustable. Baffles are provided inside the tube 
supporting the lens to prevent scattered light from reaching the sample, 
The collector point is placed on the surface by a micromanipulator which 
also has provisions for moving the crystal and point with respect to the 
stationary optical system. The point is adjusted to come down onto the 
surface at an angle of 10 to 30° with respect to a normal line in order to 
prevent it from casting a shadow on the illuminated area. 

The filter, forming circuit, and bias supply are mounted on a panel with 
switches for reversing the polarity of the bias and the forming pulses, d@= 
pending on whether the sample is of n-type or p-type material. In order 
to collect minority carriers, the point must be negative with respect to th 
crystal in n-type germanium and positive in p-type material. The come 
bination of bias voltage and series resistance should be chosen so thé 
short-circuit current is equal to or less than 3 milliamperes, to prevent 
a very large field in the semiconductor due to the flow of collector 
current. 

The filter is intended to improve the signal-to-noise ratio, and a narro 
band-pass filter is recommended. Its center frequency should be the fun 
mental frequency of the square wave of chopped light and, because tran 
tor noise is approximately a reciprocal function of frequency, it should 
as high as the spread.in the pulses of minority carriers diffusing in the se 
conductor will tolerate, The forming circuit is similar to that used f 
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transistors.* The only difference is that a circuit with fewer pulsing steps 
can be used here. Negative forming pulses are used for n-type material 
and positive pulses for p-type germanium. Fig. 12-12 is a photograph of 
the lifetime measuring equipment. In this particular equipment the illumi- 


nated area is approximately 0.75 inch lo ; : : 
chopped at 90 cpa. ng and 0.01 inch wide and is 





Fig. 12-12 Lifetime measuring equipment. 


Techniques of Measurement. The techniques of measurement may be 
divided into three parts: the preparation of the sample, the rien een 
made on it, and the calculation of lifetime from the ‘experimental dat ; 
I'he discussion will follow that order and will assume that the lifetime of 


ininority carriers is being measured in a half-crystal of germanium 
rhe surface must be treated mechanically and chemically to minimize 
wirface recombination. The mechanical preparation of the surface consists 


uf removing a few mils of material from the surface b i i 

rem y lapping with 
Abrasive. t When a mechanically smooth surface is cielidile ra ilant 
Hivena chemical polish with CP4 etch.{ These two processes must remove 
ill the material which might have been heated or fractured by the cutting 


wheel and which therefore might have suffered a deterioration in lifetime 


A removal of 0,010 inch is generally considered adequate. After the CP4 


* Hoo, 20,2, 
Mew, 18,1,7, 
| Moon, 1.8 and 16,4, 
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Fra. 12-13 Lifetime measurements data. 


etch, the antimony oxychloride long-lifetime treatment * is given to the 
germanium. Another surface of the germanium crystal must be left with- 
out etching in order to make an ohmic contact to it; otherwise a wire pro= 
viding an ohmic connection must be soldered to the crystal before process- 
ing. Because the surface is not protected after the antimony oxychloride 
treatment, it is advisable to complete the measurements on the sample 
soon as possible after the chemical treatment. 

The equipment described in the preceding section is used for measu 
ment. The sample is clamped on the holder attached to the micromanipu 
lator, and the light is focused to give a projection of the slit on the crystal, 
The collector point is lowered onto the surface at a slight angle so that t 
line of light can illuminate the crystal right next to the point. 

The collector is formed in steps, increasing the amplitude of the fo 
ing pulse until a suitable signal-to-noise ratio is obtained. The volta, 
response is measured across the resistor in series with the collector poin 
and therefore is linearly related to the minority carrier concentration unde 
neath the collector. In order to determine the lifetime of the material i 
is necessary to measure the minority carrier concentration as a function 
distance from the illuminated area. This is accomplished by moving t 
crystal and the collector point with respect to the stationary optical 
tem, which amounts to moving the light away from the point. It is 
important to take a few measurements on the opposite side of the poin 
where it casts a shadow on the crystal, in order to be able to determine 
exact location of the point, i.e., the position giving the maximum voltm 
CEE 


* Boo, 18.2.8, 
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reading. The separation between the illuminated area and the point should 
be increased until the voltage response approximately equals the noise level 
or until the point is so far from the illuminated area that the assumptions 
regarding boundary conditions which were made in. order to solve the 
mathematical model no longer hold. 

A typical plot of voltage response as a function of distance for n-type 
material is shown in Fig. 12-13. Since it is difficult to relate the measured 
voltage to the actual hole concentration, the lifetime is computed by com- 
paring the slope of the experimental curve with the slope of theoretically 
derived Hankel function curves for different lifetimes. The hole concen- 


(ration in n-type germanium has been derived as a function of the distance 
r from the illuminated area by 


P(r) = pot? (: ~) 
Ly 


Since the experimental data are usually plotted on semilogarithmic paper, 
the slope is dog V)/dr, where V is the voltage response, which is related 
to the hole concentration p. From the theory the experimental slope on 
iutural logarithmic paper should be: 


d{ln p(r)] 
dr 


—H,® (: -) 
te A 
iH (: ~) 

Ly 


‘The above expression when multiplied by the distance r is called XF(X), 
and has been tabulated in Fig. 12-14 as a function of X, where X = r/Ly. 


Experimental slope = 


24 
a F(X) (12-11) 








Wid, 1214 Chart for use in lifetime computations, 







































































280 Princip.es of DEVICE FABRICATION ‘hapter 12: MEASUREMENT OF THE PROPERTIES OF STARTING MATERIALS 281 

In order to get a reliable value for lifetime, the point on the experimental 
curve at which to compare slopes must be chosen judiciously. If it is too 
near the illuminated area, the approximations made in the mathematical 
analysis about a very thin illuminated area do not hold. This places a 
near limit tmin of about five times the width w of the illuminated area. 
Another restriction is that the maximum separation 7max Should never ex- 
ceed 14 the length 1 of the illuminated area. Also, the signal must exceed 
the noise level by a factor greater than about 3 at the point where the 
slope of the experimental data is measured. These restrictions are indi- 
cated in Fig. 12-13. 

Because the experimental curve fits the theoretical curve best at large 
distances, it is recommended that the slope of the experimental curve be 
measured at as large a distance away from the illuminated area as possible, 
The distance at which the slope of the experimental data are measured 
shall be called 79. The proper conversion factor must be applied to the 
measured slope in order to convert it to the slope on a natural logarithmi¢ 
paper when the data are not plotted on that kind of graph paper. Let this: 
slope be designated m/(ro). 

The function XF(X) of Fig. 12-14 equals the experimental slope multi- 
plied by the distance r. Thus 


—rom(ro) = XoF (Xo) (12-12) 


and from the plot of XF(X) versus X it is possible to obtain a value Xo, 
where 
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Fig. 12-15 Theoretical fit of experimental data. 


Wig. 12-15 is intended to show the fit between the experimental curve of 
I'ig, 12-13 and a theoretical curve for a lifetime of 200 microseconds. 


[valuation of Results. Several assumptions were made in order to solve 

. (he mathematical model for the flow of injected minority carriers in a semi- 

ee og Ee (12-13) wonductor. The accuracy of the measurements will be seriously jeopardized 

Lp il wny of the limitations imposed by these assumptions are violated, though 

nscdiducin Teas GPRM aee conan te \t In likely that comparative measurements could still be made if non-ideal 
eometry was held to close tolerances. 

‘The most fundamental limitation is due to surface recombination, which 


To 
Ly = x, (12-1 Wie assumed to be negligible. The surface recombination velocity of sur- 
neon etched with CP4 etch and given the antimony oxychloride treatment 
and for electrons in p-type germanium hinn heen measured to be about 200 cm per sec. This imposes an upper 
; limit of 500 microseconds on the value of lifetime that can be measured to 
ie To (12-1 reasonable accuracy. The electric field due to the bias current through 
Xo i" r pig se can appreciably affect the flow of carriers at distances 
fw than 0.050 cm from the collector. When the point is near the i i- 
since the same solutions apply for both holes and electrons. From th fled area, particularly in high-lifetime samples, the electric field ee 
diffusion lengths the lifetimes are computable as (\ive large errors in the measured value of lifetime. However, it was found 
‘ i) one set of measurements that the measured lifetime did not vary sig- 


Hilieantly with collector currents up to 2.5 ma. 

Meveral geometrical considerations, some of which have been discussed 
lveadly, apply to the measurement of lifetime. It was assumed that the 
\minated area is an infinitely thin line, which is a good approximation 


Ly 
T, = — for holes 
Pp 


and 
2 


Ln 
T, = — for electrons 
n 


w S Mroin (12-18) 
12> 4rinan (12-19) 


where the diffusion constants for germanium at room temperature are 
D, = 44.0m*/seo and Dy, = 92 em?/see, 





282 PrincipLeEs OF DEVICE FABRICATION 
where w is the width of the illuninated area, | is its length (in many cases 
l becomes the width of the sample), 7min is the minimum distance that can 
be tolerated between the cente: of the illuminated line and the collector — 
point, and rmax is the maximum possible separation at which reliable meas- 
urements can be obtained. Also the distance between the point and the 
nearest boundary of the sample or between the illuminated line and the 
boundary of the crystal (measuted along a perpendicular to the line) must 
be greater than 1.5L, where L is the diffusion length of minority carriers. 
This last restriction prevents colection of carriers that are reflected at the 
boundary. 

One source of error which afects the readings is noise. The error in 
computed lifetime is appreciable if the slope is measured in the part of the 
response curve where the noise contribution is a significant part of the sig- 
nal. The observed lifetime will be greater than the actual lifetime if the 
signal level is less than three times the noise level at the point where the 
slope is measured. 

The position on the curve at vhich the slope is measured is very impor- 
tant from the standpoint of acciracy of interpretation. To show this de- 
pendence Table 12-2 has been prepared, where it is shown how measure= 
ments can yield different results when values of ro less than 5w are used in 
the computations. For the particular measuring equipment, this 5w corre- 
sponds to a distance of about 155 X 107? em. Notice that the values ap- 
proach an asymptotic value as 7 is increased. Each value represents the 
average of four different readinzs on a sample which has a lifetime high 
enough so that a surface recompination velocity greater than 200 cm pe 
sec would make the measurements in error. 


TABLE 12-2 COMPUTED LIFETIMES 


Computed Lifetime 





ro in em in Seconds 
60 X 1073 850 x. 10-* 
90 x 10-8 450 x 10-8 
120 x 107% 320 X 10~* 
150 x 107% 300 x 10-8 


The reproducibility of the daia is greatest for medium lifetime sampl 
(50 to 200 microseconds) becaus: higher lifetimes depend largely upon su 
face conditions and the low life;ime values are difficult to measure if t 
signal level is near noise level atrg = 5w. The coefficient of variation 


siandard deviation 
100 x ———_——_ 


mean value 
for measurements made on the same sample with different surface t 
ments is generally less than 15 yer cent. The reproducibility on the sa 


surface (without re-etching) is mmarkably good if repeated measuremen 
are taken within a short period of time, ; 
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Fie. 12-16 Manipulator measurements on a slice. 


12.1.8 ManrpuLator Evatuation oF Mareriau. Manipulator meas- 
livements are made to supplement resistivity and lifetime determinations 
i) the evaluation of germanium starting material. Laboratory models of 
(anisistors with electrical characteristics similar to those of the transistor 


type being manufactured are made and measured. Since the transistor 
thurneteristics are determined by properties of the material close to the 
{/anaintor points and by processing, the measurements reflect local varia- 
Hioie in crystal properties as well as variations due to other causes. 
Manipulator measurements are made on slices or dice of germanium. 


‘The germanium material to be used for manipulator measurements is proc- 


fod in the same way as for actual transistors. Two transistor points, a 


jhouphor-bronze collector and a beryllium-copper emitter, are lowered onto 

Hw surface of the germanium by means of a micromanipulator. Fig. 12-16 
i photograph of the equipment. It shows a slice clamped so that the 

iiiom or plated surface of the slice makes an ohmic contact to the metal- 
have, ‘The shiny surface on which the points are lowered has been lapped 

(} etehed but not covered with any protective material, When small dice 
tined aa samples, they are soldered to transistor bases, 
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After the points have been lowered onto the surface, the collector is 
formed * in the same manner as for the type of transistors for which the 
material is to be used. The same type of pre-forming and post-forming 
electrical measurements are made on manipulator transistors as on stand- 
ard transistors. After all the desired data are obtained at one location on 
the germanium, the points are lifted, moved along the surface a distance 
large enough to avoid any effects due to the forming just performed (dis- 
tances in excess of 0.020 inch are adequate), and lowered onto the surface 
again. There the collector is formed again, and the same measurements 
are repeated. If the collector point has not been subjected to an exces- 
sively large forming pulse, the same process may be repeated as many as 
six times with the same points. 

The material may be evaluated in the form of either slices or dice. 
Evaluation of slices is preferable from the standpoint of economy, since an 
unsatisfactory slice may be discarded before cutting into dice. However, 
if one wishes to evaluate the complete processing as well as the material, 
measurements on dice are better. The procedure in the first case is to 
process the slice in order to make manipulator transistors. If the electrical 
parameter measurements show that the slice is suitable, the same slice is 
diced for transistor fabrication. The same measurements can be taken on 
dice instead of slices. If the processing is carried out in batches, it is de- 
sirable to obtain samples from each batch. The dice which are measured 
are never used for transistors. 

The actual evaluation is based on the interpretation of the measured 
data. This is a problem where statistical methods can be used profitably, 
The first step is to select those electrical parameters which are most critical 
or most difficult to control. Generally the number of parameters select 
for statistical investigation should be the minimum needed to determiné: 
the suitability of the material. A typical choice would be the alpha and 
the collector current of transistors with an open emitter. f 

The simplest way to set control limits is to assume that manipulator 
transistors have the same characteristics as completed transistors. Then 
the control limits for manipulator transistors are determined from the speci« 
fication of electrical characteristics of the transistors, and these limits a 
related to the rejection limits for the particular type of transistor. It 
expected that acceptable germanium material will yield manipulator mease 
urements within the control limits. 

After the accumulation of enough data, it should be possible to repl 
the above assumption with an empirical correlation of manipulator me 
urements and transistor yields. 


12.2 MATERIAL OF MULTIPLE-CONDUCTIVITY TYPES } 


From the point of view of the device-development engineer, it is of vi 
importance to establish the relationships between the properties of 
materials used in fabrication and the characteristics of the completed 

* Sec, 20.2, 


t Bec, 23.4, 
} Seo, 12.2 in by K, D, Smith, 
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vice. This is especially true in the design of grown-junction semiconductor 
devices, since here the device properties are to a large extent “built in” 
during growth of the crystal. To make this correlation the engineer must 
be able to determine, at some stage in the processing, the critical param- 
eters of the material being used. 

The first part of this chapter described methods for evaluation of mate- 
rial of single-conductivity type, through measurement of resistivity of the 
material and the lifetime of minority carriers in it, and through laboratory 
process studies which closely simulate those to be used in production proc- 
essing. In the evaluation of material containing p-n junctions, these meth- 
ods are also used. However, for junction material we need to know the 
character of each junction as well as the resistivity and lifetime of the 
boundary materials. If more than one junction is used in the device, the 
separation between junctions will usually be of critical importance. The 
half-crystal shown in Fig. 12-17 indicates these regions of special interest. 


P,7, SEED END 






P,T, PLAYER 


pT, 
CAP END 
Wp (EXAGGERATED) Ree SUNCTION 
P-N JUNCTION 


Vig. 12-17 An n-p-n half-crystal, showing parameters for evaluation. 


‘The seed end of the crystal is the part first pulled from the melt. The cap 
ond, grown after doping to form the junction or junctions, is usually of 
lower resistivity than the seed end. If an n-p-n crystal is grown, both the 
‘ap and seed ends are of course of the same conductivity type, though not 
wf the same conductivity. The crystal as received for device processing 
tiuy have been subjected to prior tests by the material supplier, but in 
(his section it will be assumed that such information is not available. 

‘l'o make full use of the crystal, it is desirable to know the resistivity 


wid lifetime at points near the junction, and to know the characteristics 
af the, junctions in detail. For economical processing, this information 
should be obtained at an early stage, to permit selection and grading, and 
(0 uvoid unnecessary work on defective material. Therefore, as much in- 
formation as can be conveniently obtained on the half-crystal should be 


taken before further processing. Some measurements cannot be made with 
jeeurncy on a large sample of junction material. It is then a matter of 
igment to determine the proper measurements to be made on half-crys- 
Jn, on slices, and on diced bars, 
Htoniativity and lifetime measurements are made on the erid sections of 
# crystal as described earlier in this chapter, A resistivity profile of the 
wal is taken along the centerline of the cut face, from the seed end to 
eoap end, ‘This profile gives a rough location of the junction in cases 
here a large difference in conductivity exiats, and a fair approximation of 
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resistivity near the junction. The lifetime of minority carriers is measured 
a few millimeters from the junction. (In measuring lifetime and resistivity 
of junction material, the measurement is made at sufficient distance from 
the junction to avoid significant error due to the boundary. An exception 
will be discussed in Sec. 12.2.4, where the junction itself is used as a collec- 
tor for the diffusing carriers.) 

Direct measurements of resistivity and lifetime are not practicable, with 
the techniques described, on narrow p layers which have a width of only a 
few mils or tenths of a mil. It is, however, possible to make resistivity 
measurements of p layers by special bias conditions and probe arrange- 
ments, as discussed in Sec. 12.2.3. 

Complete use of a material evaluation study is obtained when the meas- 
urements are used not only to determine that the material meets its re- 
quired limits but also to predict the performance of the devices which will 
be made, and thus to check the design theory. The relationship of trial 
fabrication of junction material to material evaluation and process control 
is discussed in Sec. 12.2.5. 


12.2.1 Merruops or Junction Location. It is fortunate that the prob- 
lem of accurate location and measurement of n-p and n-p-n junctions in 
single-crystal material is not quite so much like looking for a needle in a 
haystack as it seems at first approach. There are in fact a number of 
properties of the junction region which may be used to locate it. Some of 
these properties allow so marked a differentiation of the junction that a 
permanent physical boundary is formed, which can be obliterated only by 
removal of material. 

Some possible methods of junction location and marking are: 


Differential removal of material by etching, either with or withou 
electrolysis. 

Differential coating, as by electro deposition. 

The use of the electric field present at the junction under reverse bi 
operation. 

Thermoelectric probe measurements. 

The use of a potential probe. 


The first two methods noted can be used to provide a permanent mar 
for later process steps. The third method can give a temporary line 
delineate the junction, which is readily removed by cleaning operatio 
The other methods, while useful for test purposes, must be supplemen 
by position records if they are to provide permanent information. 


Etching Methods of Junction Location. Differential etching techniqu 
have long been used to show structural boundaries in crystalline materi 
and have been remarkably successful in this general field. It is then nati 
ral to expect that even in a single-crystal specimen, if significant differen 
exist between different regions, means can be found to show these regi 
on a suitably prepared surface. In grown crystal germanium contain 
an n-p or n-p-n junction, differences exist in conductivity type and in 
conductivity of the material. The junction may be biased in such a di 
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tion as to present a high impedance to the flow of current, thus allowing 
high potential differences to exist between different regions. The presence 
of impurity atoms in the germanium may allow differential attack by a 
suitable reagent even though these atoms are present in very small numbers. 


CLIP 






ETCHING SOLUTION 
(10 % Na OH) 


TANTALUM 


CONTAINER CATHODE 


Fig. 12-18 Diagram of etching setup. 


Wlectrolytic Etch with Sodium Hydroxide. A method of junction location 
Which has received considerable use is shown in Fig. 12-18. The crystal is 
hold by the seed end, either in a spring clip or by means of a soldered lead 
I is immersed in a solution of 10 per cent NaOH in distilled water with 
(he clip or solder held above the surface of the electrolyte. In an alterna- 
live method, the connection is masked with a suitable material, such as 
polystyrene cement, and the whole piece is immersed. The temperature 
ul the bath is held near 70°C, and a current of about 0.5 amp per inch? of 
exposed germanium is passed from the germanium to a tantalum electrode 
for bout 2min. Neither current density nor time is critical. If the 2-min 
otoh fails to give satisfactory definition, the process is continued. Fig 
ty is a photograph showing an n-p-n half-crystal after the electrolytic 
oh, 

In the circuit shown in Fig. 12-18, the n-p junction between the seed end 
mil the p layer is reverse biased, so that current flowing to the lower end 
ul the crystal is diverted through the electrolyte as it passes the junction 
Hho current density is highest in the region near the p layer, so that this 
Aten in more rapidly attacked than are the end sections. If two regions 
differ in resistivity, the low-resistivity material will etch faster than that 
if high resistivity. The rate of solution is considered to be directly propor- 
~~ to the local current density. The reaction may be of the general 
orm 
Ge + 2NaOH + H20 — NazGeO; + 2H, t (12-20) 
“ podium germanate remaining in solution. It is important that no insolu- 
Je combination of ions be produced, since precipitated material on the ger- 
wiluim surface would make the action irregular, 

In ordinary preparation of material, the etching treatment is used only 
# enough to give a visible junction line, If the process is continued 
tkod differentiation may be obtained, The effect is more pronounced 
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Fig. 12-19 Etched half-crystal, showing junction. 


















at high current density; and at extremely high current density, minor resis- 
tivity differences in the crystal may result in major differences in etching 
rate. 

This method may be used for locating n-p or n-p-n junctions on half- 
crystals, slices, or bars. It is customary to outline the junction with ink, 
after the etch has disclosed it, to facilitate shop operations. The etch is 
ordinarily used on the fine-ground surface of a half-crystal, and on each 
slice, after the lapping operation. 


PRECAUTIONS. The etching method described above does not dis- 
tinguish n-p-n from n-p crystals, or from single-conductivity material hay- 
ing an abrupt change in resistivity. Hence the presence of an etched 
boundary on a supposed n-p-n crystal does not guarantee the presence of & 
p layer. If, for example, a p layer extends only part way Across & crystal, 
the appearance may be no different than for a junction with a complete p 
layer. 

*Posud’ junctions are occasionally found. Such pseudo junctions may be 
the result of changes in growing conditions during crystallization, or of sur. 
face contamination. The presence of a film of grease, wax, or other foreign 
material will result in differential etching which may cause confusion. Flat 
surfaces should therefore be lapped clean before etching. A true junction 
line is, however almost always a smooth clean curve, as in Fig. 12-19, 
which is readily identified by an experienced operator. 


Electroplating Methods of Junction Location, An electroplating meth 
of locating the junction and marking it for later processes has been u 
in the processing of p-n crystals, As shown in Fig. 12-20(a), the crystal 
suspended in a saturated solution of copper sulfate, the positive batte 
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connection being made to the n section of the crystal. If now the p end 
of the crystal is brought near the negative copper electrode, a potential 
distribution is established somewhat as shown in Fig. 12-20(b). Because 
it is biased in the reverse direction, only a small current will flow across 
the junction in the body of the germanium. Most of the current is diverted 
around the junction, through the electrolyte near it. At the lower end of 
the p section, the germanium is again positive with respect to the electro- 
lyte surrounding it. 

The positive Cut* ions are attracted only to the local region where the 
germanium is negative with respect to the surrounding electrolyte; thus 


+ 
(a) 





Fig. 12-20 Diagram of plating arrangement. 


(he copper plates out only in a narrow band or line, as shown in Fig. 12-21. 
‘he top of this line is coincident with the n-p junction. 

‘This method requires no complicated setup or dangerous chemicals, and, 
hecause only a visual plating is needed, the results are obtained in a few 
seconds. The high color contrast between copper and germanium makes 
Visual observation of the Junction a matter of no difficulty. 

A modification of this method may also be used to mark the p layer in 
pen material. The ends of the specimen are connected to a source of 
ullernating current and the whole specimen is immersed in a dilute copper 
sulfate electrolyte. In this arrangement, the ends of the specimen are 
plated and unplated on alternate half-cycles, while the p layer is plated 
‘luring each half-cycle, because it is in effect connected to whichever end 
of the specimen is negative. With this method the p layer will appear as 
4 clear well-defined copper line when a clean fine-lapped surface is used. 

In some n-p-n crystals, the p region does not extend entirely across the 
vryatal, By using very dilute electrolyte and high current pulses, the p 
fogion may be shown with accuracy even on these crystals. A convenient 
vurrent source is a charged electrolytic capacitor, arranged to be discharged 
(hrough the specimen, first in one direction, then in the other. This 
method is also effective on multiple p-layer specimens. 

If the specimen is metallographically polished and the pulse plating is 
earofully done so as to obtain a very light copper deposit, sufficient defini- 
lion of the p layer will result to allow accurate measurement of its thick- 
fiom with a high-power microscope, 
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Fig. 12-21 Inductive plating on n-p crystal. 


Junction Location by Powder Suspensions. Another method * of outlining 
p-n or n-p junctions makes use of the electrostatic field in the vicinity of 
the junction when a high reverse bias is applied. As illustrated in Fig, 
12-22, leads are attached to the sample either by plating and soldering to 
the ends, or by spring clips. The entire exposed junction must be etched 
(Chapter 16) to remove cutting and lapping damage, and the surface must 
be clean. A source of alternating voltage is connected to the sample 
through a protective resistance, and an oscilloscope is so connected to tho 
circuit as to plot the V/I curve of the sample. A curve of the type shown 
in the figure indicates the presence of an n=p-n junction in the specimen 
A suspension of finely powdered barium titanate in carbon tetrachloride 


* Suggested by G, L, Pearson, 
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1000-5000 
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POWDER SUSPENSION JUNCTION LOCATION 


Fig. 12-22 Powder suspension method of junction location. 


upplied to the specimen with a dropper or brush and is allowed to dry be- 
fore removing the applied potential. The particles of barium titanate are 
ultracted to the region of high electrostatic field which exists in the liquid 
wdjacent to the junction and form a line or ridge of material along it. The 
Appearance of a slice of single-crystal material containing an n-p-n junction 
in shown in Fig. 12-23. The p section in this slice is 2.2 mils wide at the 
vonter of the specimen. 
‘lhe requirements on the powder are: 


(1) The powder must be a non-conductor, having a dielectric constant 
very much greater than the liquid in which it is suspended. 

(2) It must be capable of being reduced to a very fine powder, which 
does not dissolve or flocculate in the suspension. 

(8) The powdered material should be readily visible against a germa- 
nium background. 


Materials used in the Bell Telephone Laboratories have been finely pow- 
(lered barium titanate and diamond powder of the grade known as ‘“‘star- 
‘lust,’ Barium titanate has a much higher dielectric constant (on the 
order of 2000) and is more economical to use. A slight tendency to floc- 
viilate in the CCl, liquid is noted. This is probably due to moisture ad- 
sorption, and can be counteracted by adding a wetting agent, such as 
aleohol, 

Although no extended study of particle size has been conducted, it is be- 
lieved that particles in the 1- to 3-micron size range are about optimum. 
Crading sufficient for the purpose is readily obtained by shaking a bottle 
sontaining about 1 gm of powder in 100 em* of CCly, and allowing it to 
sand 1 or 2 min before use, For measurement of the separation between 
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Fig. 12-23 An n-p-n slice with BaTiO; applied. 


junctions, discussed later in this chapter, moderate voltages and very dilute 
suspensions should be used. Higher voltages and repeated coatings may 
be applied where the object is to show the junction location but no meas- 
urements are intended. ' , : 

If a battery or other direct current source 1s used, only the junction 
having reverse bias will provide sufficient external field to cause the powder 
to “gather” at the junction line. Thus in a single specimen the n-—p and 
p-n junctions may be shown independently, by choice of the polarity of 
the connection when the barium titanate suspension 1s applied. This 
method is sometimes used to check material for the presence of extra June+ 
tions when normal fabrication processes fail to give expected results. 

Since it is the high local field at the junction which causes the BaTiOg 
particles to collect along the junction line, this method fails if the junction 
is defective. Any short circuit of the junction will usually cause the experi« 
ment to fail. Effective short circuits may be due to: 


(1) A partial junction which does not extend across the crystal. } 
(2) Damaged surfaces, such as cutting cracks, not completely etched 
way. 
(3) Rane leakage current which prevents the establishment of a high 
local field at the junction line. (This effect may sometimes be co 
rected by lowering the temperature of the specimen.) 
(4) Excessive illumination, which may permit a high collector cur 
to flow, as discussed in See, 12.2.4, 


‘ 
’ 
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Although the powder suspension technique may be used on half-crystals, 
slices, or diced bars, the probability of success is low for the larger samples. 
It is generally a less satisfactory method for inspection of material than the 
copper-plating method previously described: 


Location of Junction by Thermoelectric Probe. This method is ordinarily 
used only for quick checks to determine whether semiconductor material 
is n-type or p-type, but it can also be used to obtain a rough location of 
the position of a p-n junction. The terminals of a galvanometer are con- 
nected to a hot and a cold test point, which are then touched to the semi- 
conductor under test. The hot test probe produces local heating of the 
semiconductor and thus the generation of a large number of hole-electron 
pairs. If the semiconductor is n-type, the positive current flow is into the 
semiconductor via the hot probe; while if it is p-type, the flow is away from 
the semiconductor at the hot probe. By careful positioning of the probes, 
and particularly by observing the initial throw of the galvanometer, n-p 
junctions may be located with an accuracy of a few mils, and wide p sec- 
tions in n-p-n crystals may be found. 


Potential Probe Method of Junction Location. The variation of resistivity 
of the material may be used to locate junctions as indicated in Fig. 12-24. 
A small potential difference of a few millivolts is established across the 
wpecimen along the axis of growth, and a potential probe is traversed along 
i! by suitable means. The semiconductor surface should be lapped smooth, 
hut not etched. 

‘The output voltage between the probe and one end of the semiconductor 
in connected to a recording millivoltmeter, having a known scale factor be- 
(ween paper travel and distance along the semiconductor. A typical curve 
of potential versus distance is shown in Fig. 12-25. 
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Wig, 12-24 Potential probe junction measurement 
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Fig. 12-25 Graph of potential probe response. 


12.2.2 EvALUATION oF JUNCTION PropErRtTIEsS. A material evaluation 
study of single-crystal n-p or multiple-junction material requires detailed 
information on the characteristics of the junction regions. In the present 
state of the art the properties of a junction would be considered known if 
the following information were available. 


(1) Resistivity and minority carrier lifetime in the material at each side 
of the junction. 

(2) Concentration gradient of donors or acceptors through the transiti 
region. 

(3) Surface recombination conditions. 

(4) Satisfactory proof that local defects such as twinning, cracks, holes, 
or other irregularities are not included in the specimen. 


The measurement of resistivity and lifetime has been discussed in Se 
12.1, and the subject of surface conditions will be taken up in Chapter 18, 
This section will be concerned with the concentration gradient in the jun 
tion region and with procedures used with material which may have lo 
defects. 


Reverse Breakdown Measurements. <A direct means of obtaining a quali 
tative measure of the concentration gradient is to measure the breakdo 
voltage of the reverse-biased junction. For a given applied potential, t 
maximum field will be less for a wide space-charge region than for a nar 
one. The critical field which results in avalanche breakdown thus oc 
at higher applied potentials for barriers having a low gradient of impuri 
concentration. At high breakdown voltages, care must be taken to ay 
surface contamination effects which would lower the apparent breakdo 
voltage, 3 
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Capacitance Measurement. One of the important parameters of semicon- 
ductor junction devices is the capacitance of the p-n barrier when reverse 
bias is applied. This capacitance is a function of the impurity concentra- 
tion gradient, the area of the junction, and the bias potential. It is thus 
subject to control during growth of the junction as well as in physical de- 
sign and in circuit applications. Methods for measurement of junction 
capacitance are considered in Chapter 24. 

Relationships between the space-charge-region capacitance and the con- 
centration gradient (of donors-acceptors) and the voltage across the barrier 
have been developed for some simplified situations (Ref. 3). Where the 
change in impurity concentration can be considered to be linear across the 
space-charge region the capacitance is ; 


eA A 2qa 4 


C = = — - 
Bea — vo) oe 


W 2 


where 


€ = permittivity = 16¢9 for germanium 
A = area of junction, 
W = width of barrier, 
q = charge of one electron, 
; : d 
a = impurity gradient, a (Np — Na), 
x 


va — vy = potential across barrier. 


The width of the space-charge region is seen here to be proportional to 
the cube root of the potential difference; hence the capacitance varies as 
V~'4, where V is the applied voltage. 

For the case where the change in impurity concentration is abrupt 
and, for example, the n side is of much higher resistivity than the p side, 


the capacitance is 
oot. [ey 
oe (12-22) 


Here the capacitance is inversely proportional to V™%, rather than V%, 
Measurements of junction capacitance made over a wide range of voltage 
tay thus be used to give information about the transition region. 

Measurement of breakdown voltage is sometimes used as a quick check 
of the capacitance which will be developed in a junction device. In the 
neoond case, above, the breakdown voltage will be approximately propor- 
tional to the resistivity of the material on the high-resistivity side. The 
‘apacitance is, however, proportional to the square root of the conductivity. 
Hlence the capacitance, measured at a fixed reference voltage, may be ex- 
pected to vary inversely as the square root of the breakdown voltage, if a 
group of samples of the abrupt transition type are measured. 

lor the first case considered, where the concentration gradient is assumed 
linear through the space-charge region, the capacitance for samples of dif- 
ferent breakdown voltage will be 





Com K\Vy-% (12-23) 
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where Vz is the breakdown voltage of the sample, and K, is determined by 
the area of the sample and the voltage at which the capacitance is measured. 

It would be of considerable advantage to be able to predict the con- 
ductance component of a junction device by measurements made at an 
early process stage, as on the half-ecrystal. At present, however, several 
factors make such measurements of little practical value. It often happens 
that through irregular growth conditions, improper handling, or poor sur- 
face treatment, the junction is partially defective at one or more points. 
If now a conductance measurement were made, the good junction area 
would be bypassed by the poor spots, and the measurement would be use- 
less. It is also believed that a large part of the conductance component 
measured on finished devices is due to surface effects which would not be 
properly evaluated in tests of large samples. For these reasons, measure- 
ment of junction conductance is usually omitted as an evaluation test of 
material before fabrication. 


12.2.3 SEPARATION BETWEEN JUNCTIONS—PROPERTIES OF THE BASE 
Layer. Where a thin layer of material of one conductivity type is grown 
between sections of opposite type, it is necessary to measure the distance 
between the junctions and to obtain some information about the properties 
of the thin layer. The separation between the junctions is usually less than 
0.003 inch. The separation may be measured by the powder suspension 
method or by the potential probe method, by plating or, in a research in-— 
vestigation, by a modified potential probe technique discussed later in this 
section. 

The potential probe method illustrated in Fig. 12-24 has the advantages 
that it is semi-automatic, does not require an etched surface, and gives a 
permanent record. Its disadvantages are that it is quite slow and gives 
information about only one particular cross section for each curve which is 
taken. Since very low potential differences are being used, the measured. 
points tend to scatter, and some difficulty is found in interpretation of the 
results. ‘This method has, however, been used with success for a consider 
able amount of routine testing for record purposes. 

The copper-plating method is preferred for routine material inspection, 
since it requires less preparation than the powder technique and can 
used on partial p layers. With either of these methods, the junction sep: 
rations are measured using a micrometer eyepiece in a standard micro 
scope. An accuracy of 0.0001 inch may be obtained. 

Resistivity and lifetime of the base layer are difficult to measure becau 
of the restrictions imposed by the environment, and these quantities aré 
often estimated rather than measured directly. A method which has b 
used for evaluation of base-layer lifetime will be given in the next section 
To measure resistivity of the base layer, a direct and an indirect meth 
have been used, although the direct method is suited only for a laborat: 
analysis. 

In the direct method of Fig. 12-26, a slice of known thickness is prepa 
and two ohmic connections (cf, Sec. 17.1) are made to the p layer so 
distance apart, Ohmic connections are also made to the two n regions 
tho slice, and a reverse bins is. applied to both junctions, ‘This treatment 
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Fre. 12-26 Direct measurement of base layer. 


offect insulates the p region from the surrounding material. A small poten- 
tial difference is now established by passing a known current between the 
(wo p-layer connections, and an electrical probe point, mounted in a micro- 
manipulator, is used to plot the potential distribution. From the potential 
gradient between the p-layer electrodes and the dimensions of the p layer 
the resistivity may be computed. To measure the width of the base layer 

the probe is moved from the abrupt potential step formed by one reverse 
biased junction, across the layer to the other potential step. 

rhe resistivity of the base layer occurs in the expression for alpha of the 
(nansistor, and it may be computed if all the other factors are known. In 


wquations (12-27) to (12-30) it is developed that alpha i i 
determined by , Re age Om, 
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and, solving this for py = 1/0», 
iv W a 
po >= ; 

b Peres (12-24) 


The quantity a/(1 — a) is the short-circuit current multiplication factor 
ii the grounded emitter connection and it is readily measured. The base- 
layer width and emitter conductivity are routinely measured, and L. ma 
hw determined by the method described in the next subsection. * This jel 


Hiilation of py is perhaps justified only as an occasional check of the mate- 
tial and not as a routine step. 


12.2.4 OpricaL ALpHA MrasurEMENT. A method which allows an esti- 
Hiale of the alpha of n-p-n material has been devised t and is shown in sche- 
iiutic form in Fig, 12-27, This setup may also be used for measurement 


of minority carrier lifetime near the junctions. In the figure, the lamp indi- 


vated is a small low-voltage bulb mounted over an aperture in a dumm 
#yepiece fixture at the uppe i 
7 eae : 


t the wy rend of a standard microscope tube. A small 
* Direct measurement of lifetime on very low resistivity material using the method 


wibed in See, 12.1.2 is considered less accurate than the 
' ‘ 2 ’ he met 
4 ‘Vile mothod in due to F. 8, Goucher, Se satner rns 
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Fig. 12-27 Optical alpha and lifetime setup. 


synchronous motor drives a segmented disk to interrupt the light at a 90- 
cycle rate. The objective lens at the lower end of the microscope tube 
focuses a tiny image of the aperture on the specimen, which is so mounted 
that it may be moved along the axis of growth by a micrometer screw. 
Ohmic connections are made to each conductivity region of the n-p-n 
specimen. 

A small battery is connected through a resistance to the semiconductor. 
This resistance is in the input circuit of a high-gain selective amplifier 
which is tuned to the 90-cycle frequency of interruption of the light beam. 
Connection may be made to any pair of the three leads, with choice 
polarity. The series resistor is made small compared to the reverse resist- 
ance of the junction, and the biasing voltage large enough to saturate the 
amplified photo current. 

The photo current is measured as a function of displacement of the speci- 
men under the light spot with the collector +, emitter —, and no connec 
tion to the base layer, and again with the collector +, the base —, and no 
connection to the emitter. Representative curves for these two conditions| 
are shown in Fig. 12-28. The ratio of the two maximum values of photo 
current gives the apparent quantum efficiency for the first connection, as 
it has been shown that the quantum efficiency for the second case is unity 
(Ref. 4). When the n-p-n junction transistor is used as a photo transistor 
(Ref. 5), the apparent quantum efficiency, Q.E., is given by 


1 
l-—a 
QE, —1 

QE. 


Q.E. = 





or 


am 























Chapter 12: MEASUREMENT OF THE PROPERTIES OF STARTING MATERIALS 299 


PHOTOCURRENT IN 
MICROAMPERES 





es Vel FU Pde: | 
ay Aiea ee 
ie pie sa 
(eS Se 9 


7] 
1 
i 
: 
S 
i 


== 


SPOT sor (8) 





“Oo 10 =20 30 40 50 60 
DISTANCE IN MILS 


Fig. 12-28 Response curves for optical alpha setup. 


This relationship is an approximation which is valid when the diffusion 
length for minority carriers in the base is much greater than the width of 
the base layer. Measurements of alpha obtained in this experiment are in 
good agreement with values obtained by direct measurement and by cal- 
culation using the relationship 


a = Bya; = (12-27) 


‘he approximation indicated in (12-27) is valid only when the collector 
conductivity is much higher than that of intrinsic germanium; or 


a; =1 when o, > «o; (12-28) 


and when the diffusion length in the base layer is much greater than the 
thickness of the base layer as 


W 
B = sech L (12-29) 
b 


1 when L, > W 
‘The emitter efficiency 











1 
oll ™ 12-30 
1+ on Ly 3 Ww 1+ opW ( ) 
—- — an — 
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an thus be made the controlling factor affecting the alpha of the transistor, 
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Lifetime Measurements Using n-p-n Junction. The setup just described 
may be used to measure diffusion length L, in the n regions near the junc- 
tion and hence to determine the carrier lifetime from the relationship 


E,’ 
To. D, 
Pp 


The diffusion length is measured as the distance the light spot must be 
moved from the junction to reduce the signal’ to 1/e of its initial value. 
The diffusion length in the base cannot be obtained from the slope of the 
response since the theory for such a bounded region requires a hyperboli¢ 
secant plot. -An approximate measure of Ly, may be obtained by matching 
the photo response curve obtained to one of a family of curves in which 
sech W/Ly is plotted against W for different values of Lp. | 


12.2.5 Laporatory Stupy or MarertaL. Laboratory study of material 
of multiple-conductivity types may be directed toward process control, 
checks of design theory, or fundamental studies relating to basic theory, 
Choice of methods and set-ups for investigation of material will be strongly 
influenced by the objectives to be attained. The following outline indi+ 


cates a practicable approach to the problems of process control and mate= 
rial evaluation. 


few crystals from a large lot, and to process these completely before re- 
leasing the lot for use in production. A second method is to take a sample 
slice from each crystal received, and to hold the remainder until this slice 
has been processed and the devices measured. The first method is prefera- 
ble for large production, as the crystals do not have to be treated as indi- 
viduals, and need not be numbered. The second method is more applicable 
(o small-scale production. It gives moderately complete information as to 
the usefulness of the material available for fabrication. Since separate in- 
formation is obtained for each crystal, individual crystals may be selected 
for a particular device application. 
If either of the above sampling methods is used, the information obtained 
in trial fabrication should include the location of each portion of the junc- 
tion material relative to the crystal as a whole. Since the properties of the 
junction or junctions, and their separation, are not necessarily symmetrical 
about the crystal growth axis, such symmetry should not be assumed. 
During the trial processing, measurements are made on the devices at 
different Stages. Prior to completion of a device, it will be feasible to 
measure junction separation, breakdown voltage, and junction capacitance. 
loxts usually made on completed transistors include equivalent circuit re- 
simtance parameters, @, saturation current, junction capacitance, cutoff fre- 
(leney, noise, and temperature effects. Where a large number of devices 
ve produced from a single material sample, it may be sufficient to make 


(12-31) 


Preliminary Material Study. Before any junction material is used fol 


fabrication of devices, check measurements should be made to insure that apot ee rather than complete measurements on all units. The accu- 

the properties are in accord with the intended use. ‘These measuremen _ ocation records suggested above will be of considerable assistance in 

will ordinarily be the resistivity and minority carrier lifetime of the mate ~ c - the total measuring effort required for satisfactory material 
‘luation. 


rial on each side of the junction, verification and location of the junctio 
or junctions, and sample measurement of the separation if two junctions 
are present. At this time, also, a representative sample of the mate 1 
should be taken for trial fabrication. The balance of the material shoul 
be held without further process pending results of the sample study, b 
under pressure of material shortage and delivery schedules it may be proe 
essed concurrently with the laboratory evaluation. If this is done, hows 
ever, some loss in fabrication efficiency is certain, as material will be prot 
essed which cannot contribute to the yield. 


Detailed Study of Sample Material by Trial Fabrication. In the preset 
state of the art of fabricating devices from grown single-crystal material, 
complete evaluation of the material is possible only by carrying out proc¢ 
steps which closely simulate those to be used in production of the devi 
Therefore it appears reasonable to include as part of the material evalt 
tion study a trial fabrication of sample devices. In this trial processi 
care should be exercised that representative samples of material are u 
that the process steps are those to which the material will be subjected, am 
that enough measurements are made during fabrication to yield all th 
information which will be required. 

The selection of material for sample processing will of course depend 
the scale of manufacture, the reliability of previously delivered materi 
vod the primary purpose of the study, One method would be to selec 


‘he information obtained by trial fabrication is useful in a number of 
ways. Combined with earlier information on resistivity and lifetime, it 
provides a reasonably complete check that the properties of the junction 
Material are in accord with the specification; or if not, the trial fabrication 
fowults will be of assistance in locating the defect. In addition, the results 
(lerived from trial fabrication may be used to predict performance of de- 
vives made from the balance of the material, to establish preliminary test 


fejuirements, or to indicate improvements which may be made in the 
slarling material or the process. 
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SYMBOLS USED IN CHAPTER 12 


d 
impurity gradient, rn (Np — Na) 
x 


cross-sectional area of bar, area of junction 
space-charge-region capacitance 

diameter of point contact 

minority-carrier diffusion constant 

Hankel function 

normalizing constant 


~REbtanm es 


luminated area 
minority carrier diffusion length 
conversion factor for measured slope 
impurity concentration 
added hole density, hole concentration 
charge of one electron 


correcting factor for unequal point spacing 
spacing between probes 

die thickness, width of illuminated area 
width of barriers 


i “a SS oy es SS 


r 
ratio of distance to diffusion length, L 


current gain 

transport efficiency 
emitter efficiency 
permittivity 

resistivity 

conductivity 
minority-carrier lifetime 
electrostatic potential 


GAQevaerewe 


SUBSCRIPTS 


acceptor 

base region 

breakdown 

donor 

emitter region 

intrinsic 

electron carrier, region of n-type conductivity 
reference value 

hole carrier, region of p-type conductivity 


SB os 2-8 sao p 


distance between nearest probe and surface, length of il- 


distance from illuminated area to collector point 
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Chapter 13 


PRE-ELECTRODE SEMICONDUCTOR 
PREPARATION 


13.1 MECHANICAL SHAPING 


The fabrication of transistor devices requires small pieces of germanium 
which may be simple or complex in shape. In all instances the dice, bars, 
and filamentary blanks illustrated in Fig. 13-1 are obtained by subdividing 
large crystals in various ways. 

As shown in Fig. 13-2, there are two major types of germanium crystal 
from which the desired configurations are obtained. These are single crys- 
(uls of n-type or p-type germanium, and crystals containing junctions of 
hep or n-p-n type. In all cases, the crystals containing a junction have 
had this junction located by one of the processes described in Chapter 12 
a“ an aid to subdivision. As a crystal is cut it is necessary to locate the 
junction again, and this is done as a prerequisite to further shaping. 

Crystals of germanium are cut into various shapes by three major meth- 
ods or combinations thereof. The most common method used to date is 
sawing with rotating silicon carbide or diamond-impregnated metal cutoff 
wheels, This method of shaping is used for all types of work. It is, how- 
wvor, best suited to sawing operations requiring the greatest depths of cut. 
lor cutting to depths of less than 0.040 inch, abrasive blasting or a vibrat- 
ing tool powered by a magnetostrictive drive may be used. The latter 
(wo methods are particularly suited to fabricating intricate shapes and are 
‘luo less likely to introduce chips, cracks, and strains in the germanium 
during the cutting process. 


13.1.1 Sawine or tHE Semiconpucror. The shaping operations neces- 
mity to obtain slabs, slices, and dice or bars from the original crystal are 
plotured in Fig, 18-3 and can all be accomplished by sawing. This is the 
preferred method for cutting of slices and junction slabs since it can be 
(lone at relatively high speed. Even though cracks, chips, or strains are 
introduced during cutting, these will generally be removed by subsequent 
lapping and etching operations. The reduction of slices into dice or bars 
je usually done by sawing, but methods based on abrasive blasting and 
MWagnotostrictive cutting have been studied in the laboratory, 

’ S08 
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Fig. 13-1 Shaped germanium blanks. 


Mia, 18-2 Germanium erystals, 
M04 
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JUNCTION SLAB SLICES DICE 


Fig. 13-3 Sawed germanium. 


13.1.2 MountTING oF THE SEMICONDUCTOR FOR SHAPING OPERATIONS. 
‘The successful shaping of germanium is directly dependent on a mounting 
arrangement which is solid, simple, and rapid;;,Any supporting surface on 
which the germanium is mounted for sawing must be reasonably flat and 
of a material which is not deleterious to the cutting wheel. The multi- 
plicity of desired shapes, of which a few are shown in Fig. 13-4, point out 
tuther strongly the shortcomings of a mounting procedure using a mechani- 
val clamp or series of clamps. A simple‘method for mounting these various 
shapes, and one which has proven satisfactory for the purpose, is to use a 
hard-freezing wax adhesive in conjunction with a flat backing plate of glass 
or ceramic. The adhesive most generally used is a sealing wax which has 
a relatively low melting point and which is readily soluble in a safe and 
wusily obtained solvent. Semiconductor crystals of all sizes and shapes are 
secured for sawing in a bed of wax of sufficient depth to support them ade- 
(uutely. The wax may be conveniently applied with the aid of a soldering 
iron to melt the wax around the crystal. In mounting slices for dicing it 
in desirable to cover the slice with a relatively thick layer of wax, which 
ids in the prevention of chipping at the cut edges. It is very desirable, 
und in junction slabs necessary, that this wax be transparent. To fulfill 
(howe requirements #70 quartz cement is being used for both the covering 
and the mounting of slices. 





CRYSTAL JUNCTION SLAB SLICE 


ia, 134 Germanium mounted for sawing, 
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A problem auxiliary to that of mounting is the alignment of the crystal 
with respect to the cutting blade. In the mounting of junctionless crystals 
for slicing, the longitudinal axis of the crystal need only be reasonably 
square with the saw. The cutting of a junction slab requires a slightly 
better degree of alignment, but subsequent trimming cuts are required be- 
cause of junction curvature, and at the present time a precise alignment 
procedure is not justified when cutting the slabs. In the cutting of bars 
from junction slices it is necessary to have the junction centralized in a bar 
1é inch long, and to meet this requirement it is of paramount importance 
that the saw be in excellent alignment with the junction. Fig. 13-5 is illus- 
trative of one type of alignment jig which is used to obtain a good average 
line-up of a straight or slightly curved junction. The line-up jig consists 
of a hinged plate notched at the end for sighting over the junction and 
fastened to a block sliding on rods to cover a large mounting area for a 
number of slices. To use the tool, the junction slice is mounted in its ap- 
proximate position; and while the wax is still fluid, the jig is placed in posi- 
tion and the slice adjusted for the final line-up before the wax freezes. The 
curvature of the junction in some cases is so great that it is impossible to 
obtain alignment within specified limits, and in these cases the slice must 
be cut into two or more pieces before trimming. 

The backing plates of glass or ceramic must be mounted on the cutting 
machine, and for this purpose they are either waxed or clamped to a metal 
plate which is then mechanically attached to the cutting machine. 


13.1.3 Meruops or Sawina. The types of shaping performed by sawe 
ing have been accomplished using a cutting machine and a modified bench= 
type grinding machine. 

A standard cutting machine, illustrated in part in Fig. 13-6, has found 
considerable use in the sawing of slabs and slices where the depth of cut 


7JUNCTION SLICES 
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Nia, 13-5 Alignment jig for mounting junction slices, 
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Fia. 13-6 Diamond saw slicing. 


large by using the method known as “down cutting.” Down cutting re- 
(\uires the use of a movable blade arm and stationary work. The machine 
in so designed that the cutting wheel is supported on an arbor at the end 
of w pivoted arm, permitting the blade to rise and fall in a large arc. The 
arm is counterbalanced to obtain optimum saw pressure and is connected 
to hydraulic dashpot to control the down-feed cutting rate. This machine 
is also equipped for through cutting which requires that the work be moved 
punt the rotating blade. The through-cutting feed has been made auto- 
iiatic for dicing operations, which will be described in more detail in con- 
Heelion with a description of the bench grinder saw. 

A small bench grinder illustrated in Fig. 13-7 has been modified for use 
in the cutting of all types of germanium into regular shapes. The machine 
\Ilustrated is equipped with manual vertical, cross, and through feeds. Ex- 
perionce has shown that a slow and steady feed has produced the best cut- 
(ing results; therefore the through feed has been equipped with a fine-pitch 
loud werew driven by a low-speed motor to give a slow automatic feed with 
iiiick manual return for the through cutting of crystals. 

MNemiconductor materials have been sawed with rotating wheels of many 
{ypes, but in general diamond-impregnated metal and silicon carbide cutoff 


Whoola are used, The two types of wheels generally used, together with 


ortinent wheel data and a typical mounting arrangement, are shown in 
MM: 1de8, It is important that any type of wheel be perfectly flat and 
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Fig. 13-7. Diamond saw dicing. 


supported by flanges of as large diameter as the work will permit to insu 
maximum rigidity of the cutting wheel. Even the slightest amount 
runout will cause extreme chipping and in some instances will force t 
dice free from the wax adhesive. The thinnest saws readily availana a 
used for dicing operations, since they can be supported to within 4g in 
of the cutting edge, whereas in the sawing of slabs and slices the depth 
cut requires large unsupported wheel areas, dictating the use of heavi 


wheels. 
GZ 
RQGQ_ S99 

DIAMOND CUTOFF WHEEL SILICON CARBIDE WHEEL 
WHEEL DIAMETER THICKNESS GRIT SIZE CONCENTRATION 
DIAMOND 3-4 0,025—-0.040 220 50 
SILICON 3-4 0.025~0.040 180-220 
CARBIDE 


Via, 13-8 Abrasive cutting wheel parameters, 
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SAW CUTTING SPEED DOWN CUTTING THROUGH CUTTING 
S.F.P.M. FEED RATE FEED RATE 
DIAMOND 3000-5000 1/8-1/4 IN. MIN 1/4-1/2 IN. MIN 
SILICON 3000-5000 1/8—-1/4 IN. MIN 1/4-1/2 IN. MIN 
CARBIDE eae ioe 


Fie. 13-9 Abrasive cutting wheel speeds. 


One of the prime factors for good sawing results and economical wheel 
life is adequate cooling. In the sawing of semiconductor materials, water 
is used as a coolant and is supplied in a continuous flow through a shaped 
tube flooding both sides of the cutting wheel and directed towards the area 
being cut. Sawing under water to provide more complete cooling has also 
been done. 

The cutting of crystals into slabs and slices is generally accomplished by 
using the down-cutting technique with a wheel speed of 3000 surface ft per 
min and a downward rate of feed of 14 to 14 inch per min. The through- 
vutting method is used for the sawing of slices into bars and dice with the 
slice usually less than 0.04 inch thick. This permits the cut to be made 
With one pass under the saw at a rate of 14 to 14 inch per min, the cutting 
Wheel operating at 4500 surface ft per min. The chart in Fig. 13-9 sum- 
marizes wheel speed and feed rate for two types of wheel for different types 
of sawing. 

In sawing, a single saw making one cut at a time is most simple and 
practicable from the standpoint of chipping and breaking of the germanium. 
‘This is especially true when the spacing between cuts is small and the depth 
of cut is large. This method has therefore been used for sawing slices and 
wlabs from crystals, and for sawing slices into dice or bars. Obviously 
(hese operations would be more efficient from a time standpoint if gang 
mwing were used, providing, of course, that the time advantage is not 
iullified by increased loss due to breakage or chipping. Gang sawing has 
wen used in cutting dice of 0.100-inch squares or larger. The gang saw 
wonsists of a cutting head which is a unit in itself made up of ten diamond 
wheels with suitable spacers. These wheels are 3 inches in diameter and 
0,010 inch thick. The parts are an assembly in themselves, and they can 
hw installed in the cutting machine as readily as a single wheel. In sawing 
junction slabs it would appear practical to use a two-gang saw since the 
(listance between cuts is comparatively wide and permits adequate support 
uf the section being cut, thereby preventing breakage even though the cut- 
\ing depth may be great. In making close-spaced cuts on slices, a modified 
Ne-sawing technique might be used in which alternate rows are cut in a 
wnule operation using half the number of saws necessary for complete cut- 
ting, ‘This technique would probably overcome the tendency for dice to 
hw picked up when two cutting edges straddle a single small die, and 
would involve only doubling the number of cuts required with a complete 
Winging technique, A satisfactory gang-sawing technique in which all 
Mile in the same direction are made in a single operation has been ac- 
fomplished, 
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Fig. 13-10 Complex and simple germanium blanks cut by a magnetostriction 
cutter. 


13.1.4 Macgnerosrriction “Cooxre Currine.” Transistor devices re- 
quiring semiconductor materials with intricate shapes present a problem in 
fabricating which cannot be solved by simple sawing procedures. A cha 
acteristic example is the filamentary-type transistor illustrated in Fig. 
13-10, which shows large-area sections attached to filaments with cross 
sections as small as 0.005 inch square. A group of the simpler junctio 
bars is shown on the same figure for comparison. This type of intricat 
shaping, as well as the cutting of the simpler junction bars if desired, ee 
be accomplished by using a special tool which vibrates vertically at a hig 
frequency and low amplitude under the power of a magnetostrictive driv 
The actual cutting of the semiconductor is done by the abrasive action 0 

a slurry of water and abrasive powder which is driven into the semicondué 
tor by the motion of the tool. This action removes small particles of ge 
manium at every stroke. 

The magnetostrictive drive utilizes the principle of magnetostricti 

whereby a piece of magnetic material, when placed in a magnetic fiel 
will experience a change in its linear dimension which is in the directit 
of the field. Fig. 13-11 illustrates the magnetostriction “cookie cutté 
developed at the Bell Telephone Laboratories through the efforts of W. 
Bond. The magnetostrictive drive consists of a length of laminated nich 
tubing surrounded by a water-cooled solenoid induction coil. The nie! 
tube is mounted to be laterally stiff with one end fixed and the other @ 
which carries the cutting tool, free to move in a vertical direction unt 
the driving action of the applied a-c magnetic field. The result is a & 
vertical alternating motion of the tool at the same frequency as the al 
nating emf applied to the solenoid. An alternating emf is supplied to 
solenoid coil in combination with a d-c bias so chosen that the instantan 
value of the combined voltages is always in the same direction. n 
there is produced in the nickel tube a magnetic field varying in magniti 
but constant in direction and parallel to the axis of the tube. The dri 
circuit is a power amplifier fed by a variable-frequency oscillator whic 
tuned to the natural mechanical resonance of the nickel tube and 
assembly. This frequency is in the vicinity of 6000 cps for the eutt 
question. Provision is also made for tuning the solenoid to the drive 
quency for maximum power output of the amplifier and for control ¢ 
amplifier output to regulate the magnitude of the vertical motion of 
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tool. The heat generated in the coil requi i i 
he: quires that it be cooled by circulat- 
ing water inside the coil form. The semiconductor being cut iaivantes 
ne the cutting die by mounting it on a pivoted arm which is counter- 
yalanced and damped with a viscous fluid in the manner of a hydraulic 
dashpot. As the semiconductor blank is cut, the arm advances upwards 
Sgainst the cutting die at approximately 0.001 inch per min. By incorpo- 
ies . y gauge on a feeding mechanism and by knowing the thickness 
ol the blank, one may deduce from the dial readi 
throcgh that ading when the tool has passed 
It is very important in this t; i 
( ype of cutting to have the work firml 
anchored to a backing plate since the area of contact becomes a atly 
small and any shifting will result in cracking of the tiny filaments or bars. 


A suitable procedure is to mount the semi 
conductor blank t - 
ing plate using #70 quartz cement. ere 








Via, 18-11 Magnotostrictive cutting machine. 
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FILAMENT 


JUNCTION BARS 
Fic. 13-12 Magnetostrictive cutting dies. 


The mounted semiconductor blank is placed on the arm in such a manner 
as to permit covering of ihe work with a slurry of 3200-mesh emery and 
water which is agitated during cutting to keep a reasonable amount 6} 
abrasive in suspension. 

Fig. 13-12 shows the types of tool used for cutting filaments and simpl 
bars. The cutting dies are made from tool steel in such a manner that 
part of the die corresponding to the desired configuration of the semico 
ductor is cut away; thus the name “cookie cutter.” If it is desired to eu 
a shaped depression in the semiconductor the tool will obviously have t 
shape and the work would be advanced a distance equivalent to the dep 
of the depression. Using dies of this nature, the cookie-cutting machine 
capable of producing intricate or simple shapes of germanium havi 


straight-sided walls, sharp angles, and fine detail both in finish and dime 
sion. 


13.1.5 ABRASIVE BuastING as A SHapinc Meruop. Abrasive blastify 
is a third way of shaping semiconductors which has been employed in 
velopment work and originally was used to make filamentary transisto 
In this method the shape of the semiconductor desired is covered with 
mask, and the balance of the material is removed by the impingement 
the abrasive particles. Dry abrasive blasting with silicon carbide 
originally used in this process but is being superseded by a wet abrasl 
blast known as vapor blasting or liquid honing. Liquid honing is a p 
ess in which a blast of abrasive in suspension in water or other vehicl@ 
driven against the surface being cut at velocities as high as 8000 ft per 
This process is being used in many industries for the removal of seale # 
burrs, and for producing smooth, satin, non-glare finishes, In cutting 
conductor materials this method is used on slices-of germanium 0.040 4 
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Fia. 13-13 Liquid hone cutting of germanium. 


or less in thickness. The shapes which can be cut are similar to those ob- 
tained using the cookie cutter; larger areas can be cut by abrasive blasting, 
hut the fine detail and dimensions of a 5-mil-square filament cannot be re- 
tained, 

‘lhe liquid honing machine consists of a watertight cabinet in which the 
work is placed below a nozzle through which the blast is delivered. A 
Hloweup of the nozzle and a jigged semiconductor slice being cut can be seen 
in Wig, 18-18. The bottom of the cabinet consists of a sump containing the 
liquid and abrasive with stirring means for keeping the abrasive in suspen- 
sion, The nozzle which delivers the abrasive blast consists of two shaped 
foncentric tubes. High-pressure air is forced through the inner tube. By 
venturi action the abrasive slurry is drawn up the outer tube and then 
mixed with the high-pressure air at the nozzle exit. This high-velocity 
alream of water, air, and abrasive is directed on the jigged semiconductor 


helng shaped, removing small quantities of material as the abrasive is 
dviven against the semiconducter, 
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Semiconductor slices are mounted for this type of cutting in the same 
manner as for sawing except that it is not necessary to cover the work to 
prevent chipping. Precautions should be taken in mounting to be sure the 
top surface of the semiconductor and the back surface of the mounting 
plate are as nearly parallel as possible to assure intimate contact of the 
mask with the work and thereby prevent excessive undercutting. 

The type of jig used in liquid honing illustrated in Fig. 13-14 consists of 
a backing plate and mask which can be made in many shapes and forms 
using a variety of materials. A typical mask used for cutting dice consists 
of a series of slots spaced for the required die size and of minimum width 
consistent with ease of fabrication. The particular mask illustrated in Fig. 
13-14 has a slot cross-section in which an angular opening connecting with 
the straight wall of the slot results in cut dice which are nearly straight- 
sided. The most suitable material for a long-life mask would appear to be 
one which permits the abrasive particles to bounce off with a minimum of 
abrasion. Typical of such materials are gum rubber and nylon, but since 
these materials have not been evaluated or used in this development 
program a practical estimate of their suitability cannot be given at this 
time. Masks made from metal wear rather rapidly but can be fabricated 
conveniently and have been found suitable for laboratory use. 

By varying the type of abrasive, the grit size or mixture of sizes, the 
amount of abrasive in suspension, the air pressure, the nozzle shape, and 
the distance and position of the nozzle from the work, an optimum set of 
cutting parameters can be obtained. In the initial experiments the abrasiv 
blast was obtained by drawing 280-grit silicon carbide abrasive suspend 
in water into a large-capacity nozzle and mixing it with air delivered at 
pressure of 75 psi. The amount of abrasive in suspension has a mark 
effect on the cutting rate, and vigorous air stirring was necessary to ob 
an efficient mixture. These zero-order parameters resulted in shaping t 
semiconductors at rates comparable to single-wheel dicing with less del 
terious effects as a result of the cutting, as will be described in the ne 
section. 
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SHAPING METHOD CUTTING TIME SHAPE SIZE LIMITATIONS 


WIDTH |THICKNESS 


SAWING 50! DICE BARS >0.025"|> 0.005” AND 


PROP. TO AREA 
NO IRREGULAR SHAPES FEASIBLE 


LIQUID HONING 20-30’ DICE-BARS >0.020 |<0.040 
IRREGULAR >0.020 |<0.040 

FAST, GOOD QUALITY 
MAGNE TOSTRICTIVE 20-30! DICE BARS >0.010 |<0.040 
IRREGULAR >0,005 |<0.040 


FINE DETAIL OF FINISH AND DIMENSION 
Fig. 13-15 General shaping parameters for slice subdivision. 


13.1.6 EvaLuaTIon oF SHAPING Meruops. The evaluation of the three 
major shaping methods of sawing, cookie cutting, and liquid honing is based 
on cutting speed, size limitations, and the introduction of chips, cracks, and 
strains. Since sawing is the only method of the three in question suitable 
for making the deep cuts required for obtaining slabs and slices from crys- 
tals, the comparison of shaping methods is based on cutting slices less than 
(),040 inch in thickness into small dice or bars. 

Cutting time and size-shape limitations for the three shaping methods 
are summarized in Fig. 13-15. In evaluating the cutting time an idealized 
slice 84 inch square and 0.025 inch thick was cut into 0.050 inch squares. 
‘The cutting time for the three methods is of the same order of magnitude, 
with cookie cutting the least efficient with the present machine, since the 
area that can be cut with the power provided is quite limited. Regular 
shapes that can be cut by the three methods range from relatively large 
pieces to a minimum of 0.020-0.030-inch squares for liquid honing and saw- 
ing, and a probable minimum of 0.010 inch for magnetostrictive cutting. 
Memiconductors fabricated into irregular shapes may contain portions hav- 
ing cross-sections as small as 0.005 inch square when shaped with the cookie 

wutter, and 0.020 inch square by liquid hone cutting. Thin slices and small- 
aren dice gain rapidly in cutting time by means of liquid honing and cookie 
wulting, whereas heavier slices and larger-area pieces would be cut more 
ofliciently by sawing. Gang sawing has not been considered in this com- 
parison. 

A convenient method of evaluating the quality of the cut in any shaping 
iethod is to measure the reverse impedance across a junction after etching. 
Diodes made from p-n germanium were used for this evaluation, and when 
the material is satisfactory, the reverse impedance at low voltages will be 
in the megohm region after all surface debris has been removed by etching. 
In the different shaping methods the surface is disturbed in varying degrees 


hy chipping, cracks, and strains. To obtain high reverse impedances it is 
Hevossary to remove sufficient material by chemical etching methods to re- 
move all debris and cracks which traverse the junction, A direct measure 
of (he smoothness of cutting techniques is the reverse impedance reached 
for various etching intervals, ‘The bars were etched for,a predetermined 
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Bia, 13-14 Liquid honing mask and cut germanium, 
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Fia. 13-16 Shaping metaod evaluation: reverse impedance versus etching time, 


time interval, and the reverse impedance measured under optimum condi= 
tions. The bars were then reprocessed for additional time intervals until 
the cumulative time cf 2-3 min used in diode fabrication was reached, 
Fig. 13-16 is a reverse impedance plot for a few experimental junction bara 
which have been cut by various methods and evaluated by plotting revers@ 
impedances and etchirg time. The bars used in getting the compariso 

were obtained from the same crystal but two different slices from the junt= 
tion slab were used, ore for the liquid hone cutting versus diamond wheel 
sawing, and the other for the dry abrasive blasting versus diamond cutting, 
The single slices were 1alved, and each half was then cut by the method 
being compared. Upm examination of the results for liquid honing and 
diamond wheel sawing it could readily be seen that the bars which were 
cut with a diamond wheel had a cluttering of points at low impedane 
after a short etching tme and thereafter had an unpredictable spreadin 
the liquid honed units reached a high value of impedance after a 30-see ot 
and remained reasonably constant, with minimum spread, over the enti 
etching period. The results for dry abrasive cutting and sawing when co) 
pared with each other show some tendency for the abrasive-cut bars 
have a higher reverse impedance for shorter etching periods. If the t 


HMustrated in Fig, 18-17, 
slurry of abrasive and water in approximately equal quantities by weight, 
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sets of curves are compared, the bars sawed with a diamond wheel usually 
start with very low reverse impedance and may be scattered after a normal 
2-3-min etching period, or may group at high values of reverse impedance. 
This behavior indicates that there are many variables in saw-cutting opera- 
tions which must be brought under control. A preliminary study has been 
made using magnetostrictive cutting for shaping the bars and then evaluat- 
ing the results in this same manner. The results for the cookie-cut bars 
show the same general tendency as the diamond-sawed bars—a low reverse 
impedance for a short etching interval, improving but with a relatively 
large spread in impedance after a 3-min etching period. 





Fig. 13-17 


Hand-lapping apparatus. 


13.1.7 Aprasive Lappine. Cutting an ingot into slices by using abra- 
aive wheels often results in a surface evidencing saw marks, chips, and small 
vracks; it is therefore probable that the germanium is also strained at some 
wall distance below the cut surface. To remove the bulk of these dis- 
turbances, the germanium slices are lapped with abrasive compounds such 
a# Carborundum, Alundum, or emery in various grit sizes. The lapping 
jwoduces matte or mirror-like surfaces. The lapping operation is also used 
to reduce the slice to a controlled thickness within reasonable tolerances. 
The removal of the imperfections due to slicing also aids in obtaining dice 


ov bara having fewer imperfections after subsequent cutting. 


I) was initially found expedient to hand-lap surfaces on a glass plate as 
The lapping mixture consists of a well-mixed 
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by plating or soldering to the dice when such contacts are required. This 
is especially true when the areas are small. 


13.2 PRE-ELECTRODE SURFACE TREATMENT 


After the various shaping operations have been completed it is necessary 
to prepare the semiconductor for eventual electrode attachment. The 
waxes used in mounting, the greases acquired in handling, and the fine 
ee particles from the lapping operations must all be thoroughly re- 
moved, 


13.2.1 CLEANING OPERATIONS. Slices which have been cut are removed 
from the supporting wax with warm alcohol to dissolve completely all 
traces of wax. The removal of fine 
particles of abrasive such as the 1200- 
mesh Alundum used in lapping is ac- 
complished by rubbing the slice with 
wet clean cloth until the surface is 
clean; mere running water is not suffi- 
cient. The slice with all cutting and 
lapping debris removed is physically 
ready for plating, but to insure good 
adherence all traces of grease must 
be removed. This is readily accom- 
plished by dipping the slice in a 10 
per cent solution of sodium hydroxide 
heated to 90° or 95°C, after which 
(he slice is rinsed in running water 
and immediately plated. 

After shaping operations such as 
(he cutting of dice or junction bars, 
(he individual pieces are removed 
from the wax bed. In some cases it is 
losirable to maintain the identity of 
each individual die or bar with respect 
(0 its position in the original crystal. Fic. 13-19 Identification of n-p bars. 
Vig. 18-19 is illustrative of one 
method of identifying bars in an n-p junction crystal. In this particular 
tiethod each bar is identified in a symmetrical fashion about the 2-y-z-axes 
uf dhe original crystal. This figure also reveals the extensive subdivision 
(hat is necessary in obtaining the small germanium pieces used in device 
fabrication, The mounting wax clinging to the small bars or dice is dis- 
solved in warm alcohol, and the individual identity of pieces is retained 
when necessary. Before further fabrication the dice are degreased to insure 
good adherence between the lapped or plated surfaces which will be at- 
tached to metallic electrodes, 








Fig. 13-18 Lapping machine. 


The surfaces are usually lapped to a matte finish using an Alundum ab 
sive of approximately 1200 mesh, although abrasives have been employ: 
ranging from a 280-mesh Carborundum for rapid removal of material, 
ignited aluminum oxide for obtaining mirror-like surfaces. 

Machine lapping is now used and results in more efficient lapping wi 
reproducible results. The lapping machine is shown in Fig. 13-18. It cons 
sists of a rotating lap on which are placed weighted disks which have 
sawed semiconductor slices waxed to them. A feature of this particul 
lapping machine is that it is equipped with conditioning rings that rota 
on the face of the lapping plate and continuously condition the lap duri 
the lapping cycle. The abrasive used is equivalent to 30314 emery an 
is used in water. The slurry is continuously agitated in the agitator ta 
and runs down a rod to the conditioning ring, from which it is evenly d 
tributed across the lapping plate. 

In some applications, relatively large-area thin dice of germanium 
used. To obtain the thin pieces without handling fragile slices, the di 
are cut from thicker slices, mounted on their eventual electrodes, 
rounded by a hard plastic, and then lapped to the desired thiekn 
Proper lapping of the slice is essential to obtaining good ohmic con 





Z 


18.2.2 Puavina AND Tinntna, In many instances the attachment of 
Hhinic-contact electrodes to germanium surfaces must be made, and in 
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Fig. 13-20 Germanium plating methods. 


order to obtain such contacts to the small areas involved, plated surfaces 
are sometimes used. The physical basis for applying different types of 
contacts will be discussed in a subsequent chapter, and only the mecha- 
nism for accomplishing the plating is described here. The types of plated 
contact that have been used are copper, antimony, and rhodium. Coppeé 
and antimony plating are in general use. 
For convenience in handling and saving time, germanium slices are plated 
before being subdivided into small dice. The semiconductor nature of ge 
manium presents a problem in obtaining a uniformly plated surface. Fig, 
13-20 compares two methods of plating a slice. In one method, contact 1 
made at a single point such as might be done in the conventional plati 
of small metallic objects strung on a wire. This type of contact, when uset 
on a semiconductor, results in localized plating near the point of attach 
ment where most of the voltage drop occurs, resulting in larger cu 
densities in the upper level of the electrolyte. In the second method ill 
trated, contact is made over the entire surface of the germanium sli 
The slice is held in contact by means of a vacuum electrode which is sligh 
smaller than the germanium being plated, and the slice is brought in con 
tact with the surface of the electrolyte using the apparatus illustrated ii 
Fig. 13-21. This plating procedure results in a reasonably constant po 
tial distribution across the slice, and the resultant constancy of cu 
density produces a plated surface which is usually completely plated 
not always uniform. 

To obtain plated surfaces which do not have areas of varying amoutl 
of deposited metal it is desirable to plate the opposite surface using th 
previous surface as the electrical contact. When this is done the cu 
density is uniformly distributed over the entire area and the metal is ¢ 
posited in equal amounts over the entire surface. The secondary pla 
of the opposite surface can be performed by attaching leads to the p 
area and using the plated area as the current distributor for the 
taneous processing of many slices. 

Copper plating is the least critical to apply, and a standard copper sulft 
acid bath is used. ‘The electrolyte is used at room temperatures, and 
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Fig. 13-21 Germanium plating apparatus. 


favtory plating is accomplished using current densities of 250 milliamp per 
jnoh? controlled within 15 per cent; sufficient copper is then deposited in 
ane or two minutes. 

Mlices are antimony-plated in the laboratory procedure in a similar man- 
her by first plating one surface with copper and then the opposite surface 
With antimony, using the copper-plated surface to obtain uniform current 
etribution, Antimony plating cannot be accomplished using vacuum elec- 
tyodes since the electrolyte is a corrosive basic solution and very readily 


iyawa into the small capillaries existing between the electrode and the work. 
Ailimony plating uses an electrolyte consisting of antimony trioxide and 


imei hydroxide dissolved in water. The successful plating of anti- 
juny requires close control of electrolyte temperature at 95°C + 3°, and 
» control of the plating current density at 250 milliamp per inch?, A 


actory antimony deposit is obtained in a 1-2-min interval using these 
fameoter values, 
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The germanium dice may at times be tinned with a soft solder before 
attachment to the electrodes. The tinning is usually accomplished by tin- 
ning the slice before dicing. Soft solders of tin-lead alloys are used in tin- 
ning. The eutectic combination is preferred since it melts and flows at a — 
relatively low temperature of 183°C, freezes more rapidly, and is less likely 
to dissolve the plated material on the slice. Tinning is accomplished by 
slowly heating the slice while keeping the surface clean with an acid flux, 
applying the solder as quickly as possible, and cooling the tinned slice as 
rapidly as possible without breakage due to thermal shock. The tinning 
of the entire slice is in most cases being eliminated by tinning merely the 
electrode to which the dice or bars are finally attached. 


13.2.3 Emirrer AND CoLLecTor IDENTIFICATION. On subsequent opera- 
tions on n-p-n bars, it is necessary to know which end of the bar is the 
emitter and which is the collector. Identification is registered on each bar 
by etching one of the collector surfaces smooth while leaving all the emitter 
surfaces matte from the lapping operation. This etch is administered to 
the entire slice before it is cut into bars. The etch container is a depression 
cut in a Plexiglas plate, large enough to accommodate the slice. In the 
bottom of this depression is a platinum electrode. On top of this is a wad 
of glass wool saturated with a 10 per cent solution of KOH. The slice i 
laid on this wick, and a positive electrode is pressed onto the top surface 
of whichever side of the junction one desires to etch-polish. The high 
sistance of the farther junction prevents appreciable etching current fro 
flowing to the other side of the junctions, so that one may thus selectivel 
etch only the side desired. 

To identify the collector side of the slice, the higher resistivity side 
etched. As a result of this operation, each n-p-n bar cut from the slice w 
have one of the four lateral surfaces of its collector end identifiable by t 
polished finish. 


JOHN N. SHIVE 
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CONTACTS AND ELECTRODES 


14.1 OHMIC CONTACTS: GENERAL REQUIREMENTS AND 
THE METHODS OF FULFILLING THEM 


It seems almost facetious to ask, ‘‘What are ohmic contacts for?” Yet 
the orderly development of the subject material of this chapter makes it 
almost imperative that we entertain this question and attempt an answer 
that can be used as a guide in formulating the requirements on ohmic con- 
(ucts. In turn, the consideration of these requirements and of the methods 
and means of fulfilling them will constitute an important part of the mate- 
rial to be covered. 

‘The purist would define an ohmic contact as any at which rectification 
or some other nonlinear behavior does not occur. But this specification is 
not broad enough to include some of the practical attributes usually asso- 
viated in common parlance with the term “ohmic contact.” In particular 
it does not include the low-resistance feature which is striven for in tran- 
sistor technology. For the purposes of this treatment, therefore, a defini- 
(ion is proposed which is more in keeping with what is actually desired: an 
ohmic contact is defined as one which serves purely as a means for getting 

wurrent into or out of the semiconductor, but plays no part in the active 
processes occurring in the device. This proposed definition is functional 
rather than merely attributive. 

Considerations of physical and mechanical design make a number of re- 
(julrements of ohmic contacts. One of these is low electrical resistance— 
wrticularly compelling for base contacts where extra resistance in grounded- 
wwe cireuits would add to regenerative feedback and decrease the area of 
sluble operation of the device. In diode devices unnecessary resistance at 
the ohmie contacts decreases the reverse-to-forward impedance ratio. 

Another requirement is that when current flows across an ohmic contact 





{he generation of minority carriers in the semiconductor at the contact must 
lw suppressed, Permitting the generation and subsequent diffusion and 


pollection of such minority carriers increases the 7,(0, V) value * of tran- 
r ———————— 


*7,(0, V) designates collector current when the emitter current is zero and the col- 
tov voltage ia V, 
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sistor devices, thus decreasing the collector efficiency in transmission appli- 
cations and degrading the on-off behavior in switching applications. It is — 
shown in the Appendix to this chapter that if the base contact of a car- 
tridge-type transistor is a hole emitter, the J,(0, V) value of the device is 
made larger by the factor 

1 


(a; — 1)By6 
Leary, 





(14-1) 


where a; is the current multiplication of the collector barrier process, 8 is 
the probability that a hole, born at the base contact, will survive to reach 
the collector, 6 is the probability that an electron born of the collector aj 
process will survive to be withdrawn at the base, and y is the hole-current 
fraction of the base contact. This expression may become very large if 7 
and/or a; is large and the survival probabilities are not too small. It may 
even become negative, indicating a runaway regenerative buildup of cur 
rent. Cases have been observed in which negative resistance was developed 
between collector and base of transistors in the emitter cut-off condition 
because of such a positive-feedback particle regeneration with a net loop 
gain in excess of unity. In n-p-n transistors, minority carrier emission from 
the ohmic collector contact may result in a values greater than 1, with 
consequent circuit instability in grounded-emitter applications. 
. The effects of undesired minority-carrier injection at nominally ohmi¢ 
contacts can be minimized by locating such contacts several diffusion 
distances away from the non-ohmic contacts or junctions at which tran 
sistor action is to occur. Doing this, however, particularly in devices using 
long-lifetime materials, would often require the semiconductor element ti 
be unnecessarily large. In such cases, other physical and chemical mean 
of suppressing the minority-carrier injection are resorted to. 

In some structures, such as those of the cartridge type, the ohmic con 
tact electrode must provide mechanical support for the semiconductor elt 
ment. 

Special requirements not general to all types of device may be made @ 
ohmic contacts in particular cases. For example, in the n-p-n junctiot 
triode the ohmic contact to the thin base layer must be of small size, I 
must also be accurately located. ' 

In all cases, contacts must be both mechanically and electrically stabl 
Mechanical adherence does not constitute a severe requirement in device 
where both the semiconductor and the contact electrodes thereto are rigidl} 
held together by the capsulating medium. However, in cartridge-typ 
structures which are to sustain shock and vibration, the adherence of 
semiconductor to the base electrode must be strong and dependable, Hle¢ 
trical stability of course implies mechanical stability, but even a good m 
chanical contact may be electrically unsatisfactory if diffusion or chemié 
compound formation develops at the interface in such a way as to m 
the characteristics of the contact change with time, Such effects must 
minimized if good ohmic contacts are to be obtained, 
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The achievement of low resistance at an ohmic contact is a matter to 
which considerable attention has been devoted. If the ohmic properties 
of both the bulk semiconductor and the bulk métal electrode extend un- 
changed to the interface, and if no potential barriers occur near the inter- 
face, the contact would have resistance no greater than the series resistance 
of those layers of metal and semiconductor which are included in the “con- 
tact.” In some cases (e.g., that of the selenium rectifier) it is known that 
such potential barriers do occur at the ‘ohmic’ contact to the semiconduc- 
tor, despite all that has been done to eliminate them. A high-resistivity 
layer with essentially ohmic properties might result from the development 
of a chemical compound at the interface or from a faulty application of the 
electrode in such a way that contact is made only at the hilltops of the 
contacting surfaces. In the history of point-contact diode technology it 
has been implied that as long as the ohmic contact is sufficiently large in 
urea, whatever contact resistance or nonlinearity it may possess will be 
negligible in their contributions to the over-all characteristics of the de- 
vice.* This point of view has been more or less tacitly taken over into 
(ransistor technology. In n-p-n devices, however, the terminal ohmic con- 
lacts are no larger in area than the emitter and collector junctions them- 
selves, while the area of the bonded contact to the base layer may be less 
(han 1 per cent of the junction area. Under these circumstances of geom- 
otry the problem of making ohmic contact becomes really meaningful. 

Simple barrier-layer theory as developed by Mott and by Schottky f+ 
indicates that to destroy rectification at a metal-semiconductor contact 
one should choose an electrode metal having a smaller work function than 
that of the semiconductor if the latter is n-type, or a larger work function 
if the semiconductor is p-type. Attempts to show the predicted relation- 
ship between degree of rectification and contact-metal work function have 
heen moderately successful for selenium ¢ and for copper oxide § semicon- 
(luctors. However, this relationship does not appear to follow when con- 
(uct is made to properly prepared silicon or germanium surfaces. Nearly 
ll metals when contacting such surfaces rectify in substantially equal de- 
reo, regardless of work function. Under other conditions of surface prepa- 
tution the rectification can be largely destroyed, and in transistor produc- 
lion the solution to ohmic contact problems has come rather through pay- 
ing attention to the surface condition of the semiconductor than through 
wlocting the contact metal for suitability of its work function. 

Present fabrication techniques for soldered ohmic contacts involve abrad- 
ii or lapping the germanium surface, plating with copper, rhodium, or 
wilimony, and soft-soldering. For some devices the solder is applied with 
sulilable fluxing, directly to the germanium. The details of these épera- 


* No direct statement to this effect appears, for example, in Torrey and Whitmer, 


Cryalal Rectifiers, although part of a section is devoted to the manipulations of making 
Hiok-contact to the semiconductor, 


N, I’, Mott, Proce, Roy, Soc, Vol, 171A (1989) p, 27; and W. Schottky, Z. Physik 


Vol, 118 (1942) p, 5389 and preceding articles, 


Work by TH, Schweichert reported by W, Schottky: Phyath, Z, Vol. 41 (194 
Unpublished work by W, if Brattain DE wer sake Py 870. 
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tions will be taken up in Chapter 15. Soldered contacts made in these 
ways, with proper precautions, do not exhibit high resistance or nonlinearity 
to a sufficient degree to be troublesome in any of the present devices. 

When ohmic contact is to be made by bonding or welding a wire electrode 
directly into the semiconductor, the spreading resistance associated with 
such a contact is unavoidable. In the grown-junction n-p-n. triode the 
bonding technique for making contact to the base layer is the only tech- 
nique at present available. Making mechanical pressure-point contact to — 
this layer would introduce rectification into the equivalent circuit rp, and 
any attempt to reduce this rectification by surface abrasion would destroy — 
the adjacent emitter and collector junctions. When an electrode wire is 
bonded to germanium, the spreading resistance of the contact is consider- 
ably reduced by the fact that during the bonding cycle impurities supplied 
by the electrode diffuse for a short distance into the germanium, making @ 
heavily doped low-resistivity volume elément in the space where most of 
the spreading resistance occurs. 

The suppression of unwanted minority carrier generation at ohmic con= 
tacts has so far been approached in two ways. One of these is to treat the 
layer of semiconductor adjacent to the contact so that minority carriers 
recombine before they can be carried by fields or by diffusion into th 
main semiconductor body. The other way is to dope the surface layers of 
the semiconductor near the contact with an excess of the same type of im= 
purity responsible for the conductivity of the main body. Doing this re 
duces the number of minority carriers which get into the body. 

Production of the low minority carrier lifetime layer referred to abo 
is an incidental result of the process ordinarily employed for roughenin 
the surface of the semiconductor prior to the application of the ohmic elec: 
trode. Abrading or lapping the surface leaves the layer thereto adjacent 
in a disturbed state, with tiny blocks disoriented with respect to each oth 
and with respect to the undisturbed crystal underneath, and with crack 
and flaws penetrating throughout this layer. It is believed that the recom 
bination of holes and electrons proceeds very slowly in the interior of ¥ 
nearly perfect crystal * but occurs readily under the catalytic influence 6 
inclusions, lattice imperfections, and surfaces. The provision of a la, 
adjacent to the contact, which is riddled with a high density of recombina 
tion centers of these sorts, serves to reduce the probability that minoril) 
carriers will survive to get into the main crystal body, even though the 
may cross the contact in considerable numbers. 

Minority-carrier suppression by the surface doping method can be @ 
plained in terms of a physical model involving the well-known picture ( 
the energy bands in a semiconductor near a contact. Fig. 14-1 shows 
a picture, drawn for the case of an n-type contact which is slightly ree 
ing. When current crosses this contact, part is carried by majority carrit 
(electrons) in the upper band and part by minority carriers (holes) in t 
lower band. It can be shown on the basis of simple theory that if a sn 
bias, not shown, is applied in the forward direction from left to right acre 


“William Shockley, Hlectrons and Holes in Semiconductors, D, Van Nostrand © 
pany, Ine, Princeton, N. J, 1960, pp, 68°69, 
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Fig. 14-1 Rectifying contact between a metal and an n-type semiconductor. 


this contact, the ratio of the hole component 7, to the electron component 
i, 18 given to a first approximation by 


ip 
eS oe 7 go »| (14-2) 


in | 
In deriving this expression it is assumed that electron and hole mobilities 
re comparable and that the band edges are at least two or three times kT’ 
away from the Fermi level in the semiconductor body. Equation (14-2) 
ways that the larger y is in comparison with ¢, the smaller will be the hole 
current contribution to the total current. y can be made larger by heavier 
n-type doping of the semiconductor. In fact, all that is needed is to so 
(lope the surface layer of the semiconductor for a distance of a few mean 
roo paths from the contact interface. When this is done the energy band 
picture becomes as shown in Fig. 14-2. Because of the doping of the sur- 
lnce layers, the energy levels in the affected region are depressed, w is made 
lurger than before, and fewer holes are able to enter the semiconductor. 
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In fabrication, such a doped surface layer is produced either by plating 
the germanium surface, preparatory to soldering the ohmic contact, with a 
group V element, or by using a group V component in the solder itself. 
During the temperature cycle incidental to the soldering operation, atoms 
of this element are believed to diffuse far enough into the germanium to 
produce the desired doping. The penetration of metal ions into a semicon- 
ductor surface at a soldered contact can be studied by removing the contact 
and measuring the rectification of the exposed surface as it is etched away 
in successive steps to remove the affected layers. ' From the results of 
studies of this kind, J. I. Pantchechnikoff * concluded that the effects of © 
soldering to an n-type germanium surface were apparent to a depth of 
some 10* atomic layers, presumably because of the infusion of metal ions 
during the soldering operation. 

As has already been suggested, the effects of minority-carrier generation 
at ohmic electrodes can also be minimized by proper design of the geometry 
of the semiconductor and proper selection of the material with respect to 
minority-carrier lifetime. For example, in a cartridge-type device it makes 
little difference whether positive holes emitted at the base contact are re- 
combined in a short-lifetime layer near this contact or whether they are so 
attenuated in numbers in their diffusion through the body of the germa- 
nium that almost none of them reach the collector region. In the latter 
case the minority-carrier lifetime of the bulk germanium can be chosen 
small enough to prevent holes from the base from reaching the collector, 
but not small enough to seriously interfere with the desired emitter-to-col- 
lector transport. In junction devices the geometry can be so adjusted to 
the minority-carrier lifetime that minority carriers emitted by the terminal 
contacts do not survive in sufficient numbers to diffuse to the junction 
region and affect the processes there occurring. 

The requirement of mechanical stability and rigidity of ohmic contae 
is quite satisfactorily met for all ordinary purposes by the methods 
soldering and bonding now in use. Units made by the electrode attachi 
and capsulating techniques to be described in later chapters occasional 
give trouble with loose mechanical contact. Such cases can usually 
traced to careless surface preparation of the parts to be attached, to inadé 
quate cleaning away of excess flux after soldering, or to improper maski 
of the metal parts of the assembly before etching. 

In those cases where the ohmic electrode must also act as a mechani 
support member for the semiconductor element in the transistor structuré 
the requirement is met by proper shaping of the semiconductor elemen 
and the electrode, and by exercising ordinary precautions in the solderi 
operation. 

When special requirements of precise location and small size are pla 
upon ohmic contacts, as is the case for the bonded contact to the base la 
of the grown-junction n-p-n triode, the requirements are met by pay 
particular attention to the mechanical shaping of the electrode and to 
proper placing on the semiconductor element before bonding, 


4 


* Phys, Rev, Vol, 79, No. 6 (1960) p, 1027, 
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14.22 SOLDERED OHMIC CONTACTS AND ELECTRODES 


14.2.1 CHotcr or ELEcTROoDE Materia. In the selection of suitable 
materials for ohmic contact electrodes there are many considerations. De- 
pending upon the particular device in question, some of the following points 
are only incidental while others are compelling. It is desirable to use inex- 
pensive materials whenever possible. When working and shaping are re- 
quired, it is advantageous to select materials which are easily machined or 
formed. If residual stresses are to be avoided at soldered contacts, atten- 
tion must be paid to matching the thermal expansion coefficients of elec- 
trode material and semiconductor, or to providing a sufficiently yielding 
solder layer to absorb expansion differentials. In cases where the dissipa- 
tion of heat from the semiconductor element by way of the ohmic electrode 
is important, the thermal conductivity of the electrode material must be 
satisfactorily high. Other considerations of general importance for soldered 
ohmic electrode materials are (1) ease of tinning and soldering, (2) springi- 
ness, and (3) chemical nature. How the above considerations bear upon 
the soldered ohmic electrode materials actually used in transistor devices 
will now be discussed for two typical structures: the point-contact cartridge 
(ransistor and the grown n-p-n junction transistor. 

‘The ohmic base electrode material used in cartridge-type devices is brass. 
‘he base plugs require machining, and brass is easily machined. It is less 
expensive than most other materials which might be used and which are 
equal or superior in other physical properties. Brass is easy to tin and 
solder to. Since the base plugs of cartridge structures. present large-area 
vontact both to the germanium and to the metal shell, they bespeak a 
witisfactorily low impedance in the heat dissipation path, even though the 
thermal conductivity of brass is several times lower than that of copper, 
for example. The thermal expansion coefficient of brass (18 X 10~®) does 
not match that of germanium (6 X 10~*), but the solder layer used to 
form the brass-to-germanium bond is sufficiently yielding to eliminate the 
danger of cracking the germanium during reasonable thermal cycling. 
KKovar would present a better expansion match, but its thermal conduc- 
tivity is considerably poorer than that of brass. It might be used in struc- 
(ures where the germanium wafer is large in base contact area but too thin 
(0 sustain the thermal flow stress of the solder layer. 

‘The ohmic terminal electrodes of junction transistors are made of 0.017- 
jnch gold-plated Kovar wires. In this choice one of the considerations is 
(0 uvoid the use of copper or copper-bearing materials which might poison 
(he etchant, The etchant used with junction bar devices is highly reactive 
with copper, and the least exposure of a copper electrode through a pinhole 
in the mask might result in such severe erosion as to justify rejection of 
(he unit, Another reason for not using copper electrodes is that with the 
divect-soldering method now used to attach such electrodes without an 
jnlermediate plated layer on the germanium, it has been found that a cop- 
ee nn bond is brittle and likely to pull off. The use of 
Sovar is also dictated by the need for making a tight glass-to-metal seal 
where the lead wires are brought through the glass fillet in the hermetic- 
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seal stem-assembly eyelet. Kovar may not be the best possible choice in 
view of its low thermal conductivity, but it has been used and is being 
used with satisfactory results. The gold plate, which is applied to the ex- 
posed Kovar after the stem assembly has been made, facilitates the solder- 
ing operation, and makes the masking of the lead wires unnecessary in the 
subsequent etching operation. 


14.2.2 Faprication. The size and shape of soldered ohmic contact 
electrodes are determined by the structural requirements of the device it-_ 
self, Asan aid in discussing these relationships, Fig. 14-3 shows an exploded — 
view of the semiconductor and soldered contacts thereto for each of the two 
structures under discussion. 

The brass base of the cartridge device is a solid plug designed for forced 
insertion into the cylindrical shell of the structure. It serves also as the 
mechanical support for the germanium die. These plugs are turned out to” 
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the specified dimensions on an automatic lathe and require no further me- 
chanical working. f- 

The base electrodes of cartridge-type devices are given a final surface 
cleaning consisting of light abrasion or etching in dilute nitric acid, three 
volumes of water to one volume of commercial concentrated acid. They 
are then pre-tinned on their contact surfaces with solder alloy preparatory 
to the final soldering operation. The composition of the solder alloy de- 
pends on the considerations to be advanced in Chapter 15 and differs for 
different units. 


14.3 BONDED OHMIC CONTACTS: MATERIALS AND 
FABRICATION 


The ohmic contact to the base layer of a junction n-p-n triode is made 
by heat-bonding the pointed tip of a gold wire into the surface of this layer. 
he heat is furnished by current flow through the contact. The bonding 
technique is here resorted to because solder contact to the base layer, 
which is of the order of one mil thick, is obviously impracticable by any 
known means, and because mechanical pressure-point contact would intro- 
dluce a non-ohmic component into the base circuit. Rectification at such 
i. pressure-point contact could be destroyed by proper surface treatment 
of the germanium, but confining such operations to within the width of the 
p-type layer would be very difficult of achievement. 

arly investigations into the possibility of welding metal contacts to 
semiconductors were performed by H. Q. North,* who developed a process 
for making non-ohmic contact between platinum and germanium. Further 
investigations by W. G. Pfann at Bell Telephone Laboratories resulted in 
the present gold-bonding technique. This is a means for producing intimate 
vontact between a gold electrode and a germanium surface. The contact 
»o made has the attributes of a true weld, in that there is alloying between 
the two materials with a transition from one to the other leading to a 
wutectic mixture. The diffusion of gold into the bond results in a p-n 
junction when the bond is made to n-type germanium and a pt-p bond 
when made to p-type germanium. The bond can easily be made with an 
‘ron equal to the entire cross section of the electrode wire, and the result- 
jn attachment, when properly made, is strong enough to survive consider- 
able handling. 

(old was selected as the material for the bonding electrode because the 
gold-germanium eutectic has a low melting point and hence permits bond- 
nw’ without excessive thermal disturbance to the adjacent junctions. The 
iietility of gold facilitates subsequent handling with minimum danger to 
the weld, 

‘The gold-germanium alloy at such a bonded contact has been found to 
exhibit a tendency toward p-typeness, However, in order to insure a good 

(ype bond, gallium is alloyed with the gold in the amount of 1 per cent 
iy weight, This provides a heavily doped volume element at the bond 


and reduces the spreading resistance of the contact, It also insures that 


en, Q North, J, Appl. Phys, Vol, 17 (1046) p, 912, 
















































332 PrincipLes OF DEvicE FABRICATION 





Fig. 14-4 Successive steps in the preparation and attachment of the base lead 
for a junction triode. 


if the volume element occupied by the bond and the diffused material 
therefrom spills over one of the adjacent junctions, the junction properties 
will not be damaged locally. ‘ 

The diameter of the gold-gallium wire is chosen small so that the precise 
location of the contact with respect to the p-type layer may be more easily 
made in fabrication, and also in order that the bond can survive subsequent 
handling in which the wire electrode is often subject to small movements, 
A diameter of 0.002 inch has proven practical. 

In the fabrication of a bonded ohmic contact electrode for a particular 
type of grown-junction transistor, a short length of the gold-gallium wire 
is bent into an L shape of about 0.050 inch on each leg. One end is then 
squeezed in a flat-jaw press so as to produce the paddle-shaped extremity 
shown in the third sketch of Fig. 14-4. ; 

The edge of the paddle is bonded to the p-type base layer of the jun 
tion bar as indicated by the right-hand sketch of Fig. 14-4. The bondin 
operation will be described in Sec. 17.3 in Chapter 17. The other end 
the base lead is soldered to the previously tinned end of the base pin in thi 
stem assembly. For laboratory-scale fabrication, the gold wire may 


pointed by simply cutting it off with a razor blade on a lucite cutting bo 
at an angle of about 45°. 


14.4 NON-OHMIC CONTACTS: GENERAL REQUIREMENTS 
AND THE METHODS OF FULFILLING THEM 


The general function of non-ohmic contacts in transistor technology 
be stated as the emission and collection of the minority carriers whose p 
ence and transport within the semiconductor are responsible for transis 
action. The functions of emission and collection have so far been fou 
to be exclusively associated with non-ohmic contacts, and it is hence wi 
such contacts that this section will deal. The emitting and collecting p 
erties of p-n junctions will be omitted from this discussion, as it is Wi 
to limit the meaning of the word “contact” to configurations whose m: 
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as an emitter, is that its y value be as close to unity as possible. On a col- 
lector contact there are two electrical requirements: (1), that its current 
multiplication factor a; be within stated limits consistent with process con- 
trol for good reproducibility ; and (2), that its normal carrier current I,(0, V) 
in the absence of minority carrier flow into it shall be as small as possible. 
The problem of the transport of minority carriers from emitter to collector 
imposes certain demands upon the properties of the semiconductor mate- 
rial and upon the geometry of the device. These transport considerations 
have been treated in the part of this book which discusses design theory, 
and need no further treatment here. For ordinary diode devices the elec- 
trical requirements on the non-ohmic contact call for a high reverse-to-for- 
ward impedance ratio. 

In all cases electrical stability of the contact properties is imperative, 
wis pies in turn requires that the contacts be mechanically and chemically 
stable. 

The discussion of how these requirements are fulfilled calls for separate 
treatment of emitter and collector contacts. For emitter contacts the same 
urguments hold in reverse for producing high y values as were put forward 
in Sec. 14.1 for producing low y values for ohmic contacts. Referring to 
lig. 14-5, which illustrates the energy-band profile at a metal contact to 
an n-type semiconductor, one may see that what is desired for an efficient 
omitter is a rectifying barrier having high ¢ and low y. 
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Fia, 14-5 Energy-band diagram of an emitter contact. 


High values are obtained by paying proper attention to the condition 
vl. the semiconductor surface: they are brought out by the etching treat- 
ent administered prior to making contact. Low values of y are achieved 
hy wvoiding the use of heavily doped germanium in the selection of mate- 
tialw for these devices. This procedure also mitigates the likelihood of ob- 
tuining low breakdown voltages at the collector. If ¢ is higher than y the 





hwle current predominates over the electron current whem the barrier is 
operated as an emitter, In particular, if @ is only 0.1 volt higher than y, 
the current crossing the contact at room temperature will be about 98 per 
wont hole current, according to (142), and the ¥ of the contact will be 0.98. 









bers, previously physically separated, are now touching. The develop 
of junction emitters and collectors has already been covered in the chapt 
on materials, while the physics of their action was discussed in Chapter 

The electrical requirement on an emitter contact, defined by its funct: 
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Emitter contacts are made to n-type germanium with y values substantially 
equal to unity.* . 

The desired a; requirement on non-ohmic collector contacts 1s met by 
the proper combination of surface preparation of the germanium, choice of 
collector electrode materials, and electrical forming treatment. The etch- 
ing administered to the germanium surface clears away the debris and dis- 
order produced by the mechanical working of the germanium and leaves 
the surface in such a condition as to be susceptible to the barrier-develop- 
ing effects of the electrical forming treatment. 3 

A number of hypotheses have been advanced to account for a; values in 
excess of (1 +b). One of these is the n-p-n hook theory described by 
Shockley.t Fig. 14-6 illustrates the arrangement of semiconductor layers 
under the collector point and diagrams the electronic energy-level profile 
through this ensemble when the collector is biased negatively for normal 
operation. The p-type island is supposed to result from thermal conver= 
sion or from the freezing-in of thermal disorder occasioned by the formin, 
treatment. The n-type island-within-the-island is supposed to be due 
the thermal infusion into the germanium of donor impurities from the con 
tact metal. According to this picture the collector metal should cont 
some constituent of chemical group V. 





>> 
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Fic. 14-6 Energy-band diagram of an n-p-n hook collector. 


A more recent hypothesis { regards forming as a process whereby ic 
or atoms from the collector are diffused into the collector barrier regi 
where they act as temporary traps for positive holes in transit from emit, 
to collector. This trapping has the result of decreasing the ratio of effecti 
hole mobility to electron mobility in the barrier region, and therefore 
increasing the effective value of b. According to this picture the collect 
must contain some constituent whose ions or atoms can diffuse into ge 
nium and can perform the required trapping function. Until it is km 
peal a aN da ah gE aig Se 


* William Shockley, Electrons and Holes in Semiconductors, Chap. 3. 
t Ibid., Chap. 4. , : : 
{ W. R. Bittner, Proc, Inst, Radio Pngra, Vol, 40 (1952) p, 448, 
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what such a trapping substance might be, the choice of collector materials 

must remain more or less empirical. 

The achievement of an acceptably low J,(0, V) at collector contacts is 
largely determined by the forming process. In this operation a p-type 
region must be developed in the germanium under the contact. The vol- 
ume element occupied by this formed region must be sufficiently p-type to 
give a good p-n barrier. Unfortunately, fulfilling some of the other require- 
ments of forming results in a short-lifetime p-type formed region within 
which the electron regeneration rate is high, leading consequently to a | 
comparatively high J,,. Successful forming is therefore the result of com- 
promise between low J, and other desiderata. 

The achievement of mechanical stability in point-pressure-type contacts 
in chiefly a matter of sound mechanical design. If the contact is to be re- 
sistant to shock and vibration, the ratio of contact force to the inertia of 
the electrode mass must be high. This requirement is met in transistor 
lubrication by forming the contact electrodes into springs which are very 

small in size, which have large ratios of stiffness to mass, and which, when 
vompressed against the semiconductor in assembly, result in satisfactorily 
permanent contacts. Such springs have high mechanical resonance fre- 
(juencies which are less likely to be excited by ordinary vibrations or mis- 
handling. 

A highly desirable property of spring contacts, and one which is un- 
(loubtedly of contributing importance to the long-time stability of tran- 
slator characteristics, is that the act of compressing the springs during the 
amsembly operation should not result in any component of force tending to 
iimuke the contact slide along the semiconductor surface. A corollary re- 

(ulroment is that as the springs experience further compression and de- 
(ompression as the supporting structure contracts and expands with tem- 
wrature variations, the tangential force at the contact should remain zero. 
(his property of electrode springs is obtained by suitable design. The 
“ymmetry of the S-shaped spring shown in the left-hand sketch of Fig. 14-7 
lends to this kind of stability. A similar stability was demonstrated by 
W. G. Pfann for the C-shaped offset cantilever spring shown in the right- 





Wa. 14-7) Spring shapes used in transistor electrode fabrication, 
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hand sketch of the figure. In both cases the dashed lines indicate the 
shapes of the springs when compressed. 

It is true that if either of these springs contacted a perfectly frictionless 
surface the arrangement would be unstable in the sense that any lateral 
displacement of the point would produce a tangential force component 
urging a greater displacement. Germanium surfaces after etching are 
sufficiently rough, however, to provide that the points remain on the spot 
of first assembly contact except when subjected to severe mechanical shock. 

While a point-pressure contact may be stable mechanically, it may be 
unstable chemically. Oxygen and other chemically active materials may 
diffuse along the interstices between the contacting surfaces and gradually 
build up chemical layers not initially present. Chemical changes may occur 
over long periods of time involving layers of materials adsorbed on the sur-— 
faces at the time contact was made. Such occurrences are difficult to con- 
trol during fabrication and subsequent use. To this end cleanliness is 
stressed in all the operations following the etch, and the final capsulating 
material is chosen with regard for its low moisture penetrability, its low 
impurity content, its low polarizability, and its low free-ion density. 


14.5 POINT-PRESSURE NON-OHMIC CONTACTS 


14.5.1 Cuorce or Etecrrope Mareriau. Since springiness is one of 
the prime requirements in the selection of electrode materials for point= 
pressure contacts, the number of eligible metals and alloys is limited. Con 
ceivably the chemical nature of the electrode material might be no less im- 
portant. However, because the understanding of collector action is cu 
rently in an unsettled position, it would be difficult to state from theoreti¢ 
considerations what these chemical requirements might be. The selecti 
of phosphor bronze has therefore been made as the result of experimen 
studies. Its superiority over tungsten, nickel, platinum, and other me 
has been quite well established, and the fact that it contains phospho 
a Group V element, lends some support to the n-p-n hook theory of coll 
tor action. Phosphor bronze possesses the properties of chemical satisf 
toriness and good elastic behavior, and it is currently used as collector 
terial in all point-contact devices described in this book. 

For emitters, however, it is desired to exclude Group V substances. I 
some transistor applications the emitter is subject to repeated signal inpw 
of considerable amplitude, whose cumulative effect may be to produce 
certain amount of emitter forming. If the emitter contains Group V 
terials able to diffuse under these conditions into the surface layer of se 
conductor, a heavily doped n-type layer would ensue. This would 
harmful to the emitter function, since, as discussed in Sec. 14.1, surf 
doping of the semiconductor is resorted to as a method of suppressing 
nority carrier emission. Beryllium copper has the required chemical 
elastic characteristics to serve as emitter electrode material. Its spri 
ness can be controlled in production by cold-drawing to a diameter 25 
cent larger than that’ finally required, annealing, and lastly drawing d 
to the final diameter, , 


en aes sufficiently similar to be described together. 

Hleetrode wire are wound on a thin rectangular mandrel of Plexi 

rode: Wi 1 na 3 ; glas, as 
shown in Kig. 14-8, The windings are then anchored in place by coating 
hem with a “goo” of methyl methacrylate dissolved in chloroform and 
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Beryllium copper, when prepared as described, is reasonably well matched 
with phosphor bronze in its elastic properties. This makes it possible to 
use emitter and collector wires of the same diameter (0.005 inch), bend 
them at the same time together in the same forming jig, and obtain springs 
he give see eee contact force when compressed by equal amounts 
during assembly. ese circ in simplifyi 
rian ei De aie umstances are of advantage in simplifying the 
Both materials have thermal conductivities inferior to that of pure cop- 
per. However, since the thermal conductivity of germanium itself is less 
than that of copper by a factor of only five or six times, heat dissipation 
by way of the point-contact electrodes appears comparatively unimportant 
in structures having large-area base electrodes. Both materials can be bent 
around short radii at room temperature without fracturing or splitting 
Some difficulty is experienced in spot-welding the beryllium copper elec- 
tr rde to the nickel lead pin. In present laboratory practice this spot-weld 
in reinforced by a solder dab applied in a separate operation. In production 
lubrication this difficulty is eliminated, and the operation of electrode-wire 


attachment to the lead pins is speeded up by usin impi 
to be described later. , : . 7 ate Ca 





Kia, 14-8 


Preparation of chisel-pointed electrode wires. 


14,5,2 FABRICATION, In the laboratory processes for making cartridge- 
{ype transistors, the emitter and collector wires are pointed and bent by 


Several feet of 


lowing the vehicle to evaporate.* This block, with the windings inside 
~ i ’ 
* 1h prosent laboratory practice, the mandrel is sandwiched between two other Plexi- 


shoota with goo filling the interstices, An oven bake for 1h ¢ 
wompletes the embedding treatment, aa 
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is then cut at an angle of 45° to the wires. The cut faces are lapped and 
polished, leaving the exposed ends of the wires clean and chisel-edged. 
The tips of the chisels will become the contacting points to the semicon- 
ductor. The wires are then recovered from the block by immersing the 
whole in chloroform for 24 hr, removing them, and rinsing them in fresh 
chloroform. 

For making a cartridge unit, an emitter wire and a collector wire are 
selected and spot-welded to the ends of the lead pins in the pin-and-plug 
assembly, as shown in the left-hand sketch of Fig. 14-9. Before the final 
welds are made, both wires are adjusted to equal length and turned so 
that their chisel faces are away from each other. This last provision is 
necessary to permit the 0.002-inch point spacing. The emitter weld is 
given a reinforcing solder dab. An initial spacing of the points is then 
given to the electrode wires with the aid of tweezers under a microscope 
by sighting against lines of proper separation on a background. The entire 
assembly is placed in a bending jig and both electrode wires are bent in th 
same operations. A photograph of this jig is shown in Fig. 14-10. A pai 
of wires have just been formed, and the jaws have been retracted to sho 
the construction of the jig. The first bend is made by advancing member 
1 in the direction indicated, while the rest of the C is made by advancin 
member 2 against the stationary member 3. 





Fig. 14-10 C-spring bending jig for cartridge unit electrodes. 


Alter the bending operation, the electrodes are again adj 
“0 that the points are 0.002-inch separated and Fiat oat 
wontact the germanium at the same moment in later assembly heat 
ave advanced against the germanium. In all these operations care is tak . 
iol to damage the points themselves, or even Wee 
(0 touch them with anything. All hand- 
ling and manipulations are performed with 
(weosers. The electrodes are now ready for 
o i assembly to be discussed in Chap- 

or 17, 

In production many of the operations just 
(leweribed have been placed on a semi- 
tiechanized basis. At one stage in produc- 
tion development, the point-stem assemblies 
wore being produced with the aid of multiple- 
Nwndling tools using a carrier rack accom- 
modating about two dozen assemblies 
through a sequence of operations. These 
siom assemblies differ from those alread : 
deweribed in that the lead pins are nice Lae oe 
fear their ends, as shown in Fig. 14-11. The emitter ‘aad vein te 
wnitler and collector wires are placed in these wires, : 
hooves and crimped or “swaged” into place, 

In) these operations, the pin-stem assemblies are loaded onto the carrier 
‘k, and the emitter and collector wires are strung into the grooves in the 
fia, Which are all in a line on the rack, The rack is then transferred suce 


COLLECTOR 






(Be-Cu) 


~__SPOT WELD 
+SOLDER 





Fia, 14-9 Fabrication’ of emitter and collector assembly for cartridge tra 
with C-spring electrodes, : 
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cessively through a series of index-step machines which swage the wires 
into place, cut the wires to length and chisel-point them, toe-in the pins so 
as to reduce the angle at which the emitter and collector wires approach 
their bearing on the germanium surface, and bend the C springs in the 
wires. After an individual microscope examination and manual tweezer 
adjustment of the points, the point-stem assemblies are ready for final in- 
sertion into the cartridges. 


14.6 SUMMARY 


In this chapter the underlying theory of contacts, both ohmic and non- 
ohmic, was discussed, and descriptions were given of soldering, bonding, 
and point-pressure means of making the contact. Emphasis has been 
placed on the reasons for the various selections of materials and processin 
operations as being methods and means for fulfilling the requirements 
the design theory. When specific devices, specific materials, and spect 
operations were described, they were presented as examples of the appli 
tion of principles. 


14.7 APPENDIX—DERIVATION OF EXPRESSION (14-1) FOR 
THE I,(0, V) MULTIPLICATION OF A DEVICE HAVING 
A HOLE-EMITTING BASE CONTACT 


In Fig. 14-12, let an initial current I flow from the semiconductor in 
the base electrode. Of this current yJ is a current of holes injected in 
the semiconductor, while (1 — y)J is the electron current withdrawn. 
the hole current the fraction 8 survives to reach the collector, where 
the operation of the collector a; mechanism, an additional electron cu 
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Fig, 14-12 Feedback due to minority-carrier generation at an ohmic 
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(a; — 1)BrI starts toward the base. Of this electron current the fraction 
5 survives to reach the base, where the fraction 1/(1 — y) appears as an 
increment in the base current already flowing. 


Holes from this second generation then initiate another cycle of regen- 


eration. The total current flowing into the base electrode is the sum of 
the infinite series 
(a; — 1)By6 
rf1+ Sn. (14-3) 
Ly 
This summation gives 
1 
i 5 
wT _ bee = Der are 
i= ¥* 


Nquation (14-4) says that if a transistor base contact is a hole emitter, 
(he transistor will have an J,(0, V) value which is greater by the factor 


1 
a (a; — 1)Bys 
Lay 
(han it would be if the base contact had a y of zero. It must be recognized 
(hat the values of 6 and 6 are functions of material lifetime and device 
geometry, while both of them are functions of minority carrier current 


eaity if the latter becomes comparable with majority carrier current 
(lensity. 


‘lhe series of (14-3) diverges if 


i-1 
Seo DEM a5 
Leg 
Under these conditions the collector-to-base circuit exhibits negative re- 


wslance instability due to positive feedback particle regeneration. Cases 
uf much instability have actually been observed. 

Network engineers will recognize the similarity between equation (14-4) 
wil the expression for the amplification of a feedback amplifier. This 
wimilarity is due to the identity of the feedback principles in these cases, 
ie us applied to a regenerative electrical network, the other to a regenera- 
tive vycle of charged particle action. 


SYMBOLS USED IN CHAPTER 14 
b mobility ratio 


tn electron component of current 
ty hole component of current 
/, collector current, carrier current, 


Tee cutoff current 
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Boltzmann’s constant 

electron charge 

base resistance 

absolute temperature in degrees Kelvin 

current gain 

current multiplication of collector barrier process 

survival probability of a minority carrier 

minority carrier emitting efficiency of a contact 

probability that an electron born of the collector a; proc 
will survive to be withdrawn at the base 

contact potential 

Fermi level 
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Chapter 15 


SOLDERED OHMIC CONTACT 
ATTACHMENT 


1}... OBJECTIVES AND SCOPE OF THIS CHAPTER 


The object of the attachment of an ohmic contact to a semiconductor 
lus already been described as to provide a means for getting current into 
or out of the semiconductor under such conditions that the active processes 
of emission and collection are not involved or interfered with. In Chapter 
ld the various electrical and mechanical requirements on ohmic contacts 
were pointed out and shown to result in particular selections of ohmic 
#loctrode materials and in particular geometrical shapes and arrangements 
lor the various devices. These requirements were discussed against a back- 
“round of underlying theory in those cases where the theory was reasonably 
well understood. The purpose of the present chapter is to discuss the 
methods and to describe the means whereby soldered ohmic electrode at- 
tuvchment to the semiconductor is accomplished in transistor fabrication. 


1),2. ASSUMPTIONS INVOLVED IN THE DISCUSSION 


Ii is assumed that the discussion starts with the semiconductor and the 
#leetrode which is to be attached. Both of these elements have already 
won shaped and treated, preparatory to the attachment operation, by 
jirocess steps described in Chapters 13 and 14. In the fabrication of some 
{ypow of transistor, soldered attachment is made directly to the semicon- 
iiietor itself. In other cases the semiconductor is provided with an elec- 
tyoptated or vapor-deposited layer of metal as a base for soldering. When 
mivh a layer is to be used, its presence will be assumed. Also, solder- 
{ining layers on the semiconductor will be assumed in those cases where 
they are provided in steps separate from those by which the actual attach- 
ont is made, The task now is to take these prepared elements and solder 
om together so as to make satisfactory electrical and mechanical contact. 
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15.3 SOLDERING TO INTERMEDIATE PLATED LAYERS ON 
THE GERMANIUM 


Early attempts to make soldered ohmic contact to germanium surfaces 
were by way of intermediate layers of metals deposited by electroplating 
or by vapor deposition. Much of the technique for making such contacts 
was a carry-over from experience with silicon, making solder contact to 
which is difficult except through the intermediacy of a deposited metal 
layer. Since minority carrier emission at electrical contacts can apparently - 
be reduced by providing surface layers of disordered semiconductor mate- 
rial, the germanium elements are prepared for soldered contact attachment 
by grinding or lapping. These operations result in rough surfaces, to which 
it was at first believed that plated or evaporated deposits made more inti- 
mate contact. Although it has recently developed that soft-soldering di 
rectly to germanium can result in a contact equally satisfactory, several 
transistor types are made by soldered attachment of ohmic electrodes by 
way of plated metal layers on the germanium. 

The techniques of performing the plating operations were described in 
Chapter 13. Copper plating is ordinarily used because the control required 
is not critical and the plating can be performed at room temperature. Thik 
method is used in the fabrication of point-contact transistors. When th 
germanium wafer requires both plating and tinning before the final attach 
ment operation, the entire slice is prepared as required, and then cut in 
wafers. 

As a further aid in the suppression of hole emission from the base cor 
tact, antimony plating is sometimes used instead of copper plating. 
diffusion of antimony into the germanium during the temperature cycle 
the subsequent soldering operation is believed to result in a heavily dop 
n-type surface layer into which hole emission from the contact is le 
copious than into non-doped germanium. The operation of antimol 
plating requires comparatively fussy control of electrolyte temperat) 
and plating current density. 

In making contact to an antimony-plated germanium surface, it is pm 
ferred not to pre-tin because of the likelihood of dissolving away much 
the antimony layer in the pre-tinning operation. This would endanger t 
success of the subsequent soldering to the electrode. In these cases t 
electrode itself is tinned and then soldered directly to the antimony-plat 
germanium. The 37 Pb-63 Sn (eutectic) solder is used because of its 
melting temperature (180°C). Even at this temperature prolonged sol 
ing-time cycles are to be avoided when antimony-plated surfaces are 
volved. 

For reasons which are more completely explained in Sec. 15.4, juncth 
bar devices are made with solder contacts attached directly to the end 
the bars. Such contacts have been found quite satisfactory for units wh 
are later to be encased for mechanical rigidity and protection. 

As a means of showing in orderly form how the considerations of 
section are pertinent in transistor fabrication, Table 15-1 has been prep 
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TABLE 15-1 PLATING AND PRE-TINNING SEQUENCES 








SS a ee a ee a 
Platin -tinni 
T gon Pre-tinning eae 
‘ype Higenaretard Se assis Pre-tinning on Electrode 
Cartridge X Copper 45 Pb-55 Sn 45 Pb-55 Sn 
ZnCl, flux ZnCle flux 
Cartridge Y Antimony None 37 Pb-63 Sn 
ZnCl, flux 
p-n Photocell | None None 63 Pb-35 Sn-2 Sb at n end 
45 Pb-55 Sn at p end 
ZnCle flux 
n-p-n Triode | None None 63 Pb-35 Sn-2 Sb 
ZnCl flux 








a 


lo set forth the nature of the plating and pre-tinni i 
-tinning ste ica- 
lion processes for four transistor types. i Poca te 


15.3.1 MEANS ror SoLpERING Contacts To PLATED 

un example of the use of the hot-fixture soldering hee ae 
trode attachment of a particular point-contact cartridge unit will be de- 
weribed. This technique gives good control of maximum temperature dur- 
ing the soldering cycle, which is advantageous when soldering an antimony- 
plated wafer to its base. In the fabrication of this unit. the top of a br: s 
base plug is cleaned by light abrasion and tinned with the Pb-Sn sited 
solder using standard flux. The tinned base plug is placed on the end f 
(he heated cylindrical fixture shown in the center of F ig. 15-1. This fst 
is made of copper and is threaded to screw into the end of a soldering-iron 
heater, the end of which is seen projecting up through the transite board 
in (he picture. The surface temperature of the copper cylinder is main- 
tained at about 220°C by variac control. The antimony-plated germanium 
wilor is placed on the tinned plug, plated side down, with a drop of stand- 
ard flux between.* The wafer is located off center on the plug, so that 
in the final assembly of the unit the cantilever-spring emitter and collect 
will contact the top surface of the wafer at its center. As soon as the solder 
molts, the base plug is removed from the hot fixture and placed on i 
Iransite surface. The wafer is pressed down with a glass tool and held 
Wntil the solder freezes. Excess flux is removed by boiling the assembly in 


water for a half hour and rinsing. After dryi h i 
Miwaking and etching, een grey LF 


* A atock solution of this flux ean be made by dissolving 24 Ib zine chloride and \ 


i) smmonium chloride in 1 gal water, 
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Fra. 15-1 Soldering operation for point-contact transistor base contact. 


An alternative procedure used when it is particularly desired to keep the 
soldering temperature from overshooting is to place the base plug on a 
brass block which in its turn is placed on the end of the heater cylinder, 
The thermal inertia of the brass block buffers the temperature of the base 


plug sufficiently to give the operator good control over the time of removal 
from the heater. 


15.4 SOLDERING DIRECTLY TO GERMANIUM 


Soldering to germanium directly, without an intermediate electroplated 
or deposited metal layer, came as the result of exploratory development, 
Soft solders containing tin as one of the major constituents have been 
found to wet germanium satisfactorily. This property permits soldering 
directly to germanium, and the contacts so produced are as adherent and 
as reliable as those using plated layers. This technique is used advantage= 
ously in making connections to germanium bars in the fabrication of junt= 
tion devices, thereby avoiding the trouble and expense of plating the enda 
of the junction bars. The element and its soldered contacts are usuall 
capsulated in such a fashion that the electrodes are not subjected to ben 
ing, twisting, or pulling stresses at the contacts. 

The suppression of positive hole emission at ohmic contacts to the n-ty 
ends of germanium bars is considered important. In addition to lappin 
the ends of the germanium bars of which junction devices are made, th 
process calls for the use of antimony-bearing solder at the n-type contact, 
A lead-tin-antimony soft solder, having the composition 63 Pb-35 Sn-2 8 
is used for this purpose. It has approximately the same melting po 
(250°C) as the regular 45 Pb-55 Sn solder. This correspondence of 
melting points makes it possible to use the antimony solder at the 
of such a junction bar and the regular solder at the p end, while solderi 
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Mia, 15-2 serena. diagram of convection soldering equipment for junction bar 
devices. 





Mia, 15-8 Convection soldering equipment. 




























348 PrincipLeEs OF DEVICE FABRICATION 
both contacts in a single operation. In some cases it may appear advan- 
tageous to introduce an acceptor doping agent, such as gallium or indium, 
into the solder used for the p-type terminal contact. 

In making direct soldered contact to germanium, pre-tinning the germa- 
nium surface is considered unnecessary. 


15.4.1 Mans For SotpERING Contacts DirREcTLY TO GERMANIUM. 
Soldering the terminal ohmic-contact electrodes to the ends of junction 
bars may be accomplished on a laboratory scale by a convection soldering 
technique. The germanium bar is slid into a Pyrex tube of sufficient inside 
diameter to accommodate the bar easily. A resistance heating coil is 
wrapped around the outside of the tube, with its turns loosely pitched so 
that the operator can see inside the tube. For this soldering operation, the 
ends of the terminal electrode wires are formed into flat loops which seat 
against the ends of the bar. The looped ends of the two wires are pre- 
tinned with the proper solder alloy, moistened with zinc chloride flux, and 
pushed into the ends of the glass tube into contact with the ends of the 
germanium bar. The heater coil is then energized, and when the solder 
melts and flows, the heater power is cut off. The electrodes are held with 
light force against the germanium during this operation, and care is taken 
not to jiggle them while the solder is freezing. Fig. 15-2 shows a schemati¢ 
diagram of this convection soldering apparatus, while Fig. 15-3 shows a 
photograph of the actual setup used. 

The assemblies made in this way are inspected to eliminate those having 
poorly centered electrodes, improperly seated contact loops, insufficiently 
flowed solder fillets, or cracked or chipped germanium bars. The excess 
flux is cleaned off by boiling in distilled water and rinsing. The bars with 
electrodes attached are now ready to be passed on to the masking and 
etching steps to be described in the next chapter. 

In production assembly where the bars are to be soldered by their ends 
to the emitter and collector pins of the hermetic-seal header, a different 


SOLDER 
PREFORM 


0 BAR 


Qsovver 
FLUX 






STEM 
ASSEMBLY 


Via, 15-4 Exploded view of hermetic-seal header assembly, 
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soldering procedure is used. The gold-plated Kovar emitter and collector 
pins are spaced, by slight bending if necessary, so that the n-p-n bar is 
clamped and held in place by these pins when forced between them. The 
contact between each pin and the end of the bar is then moistened with 
standard zine chloride-ammonium chloride flux by touching the contacts 
with a flux-soaked toothpick. Next, a small solder preform is applied to 
each contact, being held onto the pin and end of the bar by the surface 
tension of the flux. This solder is antimony-doped to provide a non-inject- 
ing terminal contact. Fig. 15-4 shows an exploded view of this arrange- 
ment. 

Finally the assembly is placed in a soldering jig whose jaws are made of 
nichrome ribbon which is used to heat the solder joints and which, by 


/7NICHROME RIBBON HEATER~. 






— WELD 
FLANGE 


Fig. 15-5 Top view of soldering operation. 


spring pressure, holds the assembly together while the soldering operation 
in executed. Fig. 15-5 shows a top view of the arrangement of the various 
parts in this operation. When current passes through the ribbon jaws, the 
solder melts and flows by surface tension into the joints between the pins 
and the ends of the n-p-n bar. 

‘The entire assembly is then boiled in distilled water for a few minutes to 
remove excess flux, then rinsed in running distilled water and dried. It is 
roudy at this stage to be transferred to the etching operation. 
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PROTECTION TREATMENT 


16.1 DEFINITION AND SCOPE 


“NON- OHMIC 
ELECTRODE 
ATTACHMENT 


CAP SULATION 
FORMING 


JUNCTION 
RESISTANCE 
TEST 


MASK 
REMOVAL. 
POLARITY 
DETERMINATION 


BONDING OF 
OHMIC BASE 
CONTACT 


SUBSEQUENT 
OPERATIONS 


Fia. 16-1 Partial flow charts for three devices. 






SURFACE 
PROTECTION 
MASK 
REMOVAL 
CAPSULATION 


Surface treatments appear in numerous places in semiconductor tech- 
nology. Usually the term “surface treatment”? means chemical etching, 
However, the results sought by the method of etching can in principle be 
obtained in other ways, such as electrolytic treatment, ion bombardment, 
vapor etching, etc. In order to keep the discussion as general as possible 
the title of this chapter is given as “Surface Treatment.” 

The word “intermediate” is used to denote different things for different 
devices. In cartridge-type devices it means the etching treatment whi 
is administered subsequently to the attachment of the ohmic contact but 
prior to the attachment of the non-ohmic contacts. For junction device 
it means the etching treatment which is administered subsequently to th 
attachment of all contacts. The discussions will cover not only the etchi 
treatments themselves, but also the operations thereto incidental, such 
the masking of metal parts, final rinsing, etc. As an aid to the delineati 
of the scope of this chapter, Fig. 16-1 has been prepared. It shows, in t 
form of a flow chart, some of the process steps for three typical devices 
beginning with the attachment of the ohmic electrode. The particu 
steps whose details are to be discussed in this chapter are enclosed in t 
dashed boxes. 
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(reated in the literature. Torrey and Whitmer * devote a portion of a sec- 
\ion to the etching of silicon and germanium but nowhere discuss why 
wlching is necessary, except as an adjunct to the process for developing a 
(loplotion layer at the surface of silicon. Shockley + discusses surface treat- 
ents in only one instance, in connection with minority-carrier lifetime. 

It is possible, on the basis of what is now known, to give some explana- 
(ion of the need for removing the surface layers of mechanically worked 
specimens before making non-ohmic contact. The theory of p-n junctions t 


16.2 OBJECTIVES TO BE MET BY INTERMEDIATE 
SURFACE TREATMENTS AND THE METHODS USED 
FOR THEIR ACHIEVEMENT 


It has long been known in the crystal diode art that proper treatm 
of the semiconductor surface is necessary for the development of good 
tification characteristics when the contact is made, The reason for 
fact has always been given as the need for removing the superficial 
of disturbed material left by the mechanical preparation of the semi 
ductor and for exposing the undisturbed crystal body underneath, 
this layer of disordered material is detrimental to rectification has not 

$50 


‘IL ©, Torrey and C, A. Whitmer, Crystal Rectifiers, McGraw-Hill Book Company, 
liw,, Now York, 1948, Sec, 10-4, 

{ William Shockley, Hlectrons and Holes in Semiconductors, D, Van Nostrand Com- 
pany, Princeton, N. J,, 1950, p, 824, 
} /bid,, Boo, 12.5, 
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gives for the reverse saturation current across a p-n diode junction 


Dp Dn 
I, = @| Pn .J— + % ./— 
Tp Tn 


where q is the electronic charge, p, and np are the densities of holes in the 
n region and of electrons in the :p region, respectively, and Dy, Dn, tp, and 
T» are the diffusion constants and lifetimes, respectively, of holes and elec- 
trons in the regions where they are minority charges. The reverse satura- 
tion current is thus inversely proportional, among other things, to the 
square roots of the minority carrier lifetimes as shown. The same equa- 
tion is applicable to a metal-semiconductor contact, where, for the case of 
an n-type semiconductor, the np, tn, and D, refer to the density, lifetime, — 
and diffusion constant of those electrons in the metal near the contact 
which are sufficiently energetic to pass over the ¢ barrier into the semi- 
conductor (Fig. 14-1). In the case of either the junction or the metal con- 
tact, a decrease in the lifetime of the minority carrier or carriers in the 
semiconductor causes an increase in the back saturation current of the 
junction. Minority-carrier lifetime in highly disordered germanium is 
known to be low; hence the removal of disordered surface layers from tran- 


sistor elements is necessary. This necessity has bearing on the properties 
of devices in the following ways: 


(16-1) 


(1) In point-contact units it is usually of importance to keep the reverse 

saturation current of the collector as small as possible. This objec« 
tive can be approached by providing a long-lifetime surface. 
It is imperative to keep recombination as low as possible in the emit= 
ter-collector region in order that the transport 6 of positive holes 
may be close to unity. The upper sketch of Fig. 16-2 illustrates th 
degradation of 8 by hole recombination in a disordered surface layer 
on the semiconductor in a point-contact type device. The figure 
shows positive hole trajectories between emitter and collector: the 
crosses in the disordered layer represent recombinations. 

For junction diodes and phototransistors one of the design objectives 
is the achievement of high reverse resistance. The fulfillment of this 
objective is incompatible with leaving a layer of disordered material 
on the surfaces of the bar, where it could act as a low-reverse-resiste 

tance bridge bypassing the rest of the junction (Fig. 16-2, bottom), 

Such a layer on junction triode bars would afford a partially short« 

circuiting path around the junctions, where relatively large diffusion 


currents could flow, leading to high values of collector 7,(0, V) and 
to poor emitter control. 


(2) 


(3) 


(4) 


Cleaning up the surfaces of the semiconductor has other purposes th 
those arising out of the immediate electrical requirements of the contacts 
themselves. The microcracks and other structural flaws of a disorde 
surface layer may serve as a harboring place for adsorbed moisture 
foreign ions picked up from the cutting and lapping liquids, Unless 
moved, these might cause chemical changes later affecting the characte 
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Fig. 16-2 Effects of disordered layers on transistor surfaces. 


tics of the device. The apices of cracks extending down into the underlying 
vrystal act as concentrating points for mechanical stresses. The separa- 
(ion of the electronic energy bands in germanium is pressure-sensitive to 
i measurable degree,* and pressure fluctuations at these points due to 
phonon waves traversing the lattice could conceivably cause fluctuations 
in local resistivity and hence generate excess noise. Another possible source 
of noise might be the thermal fluctuations of the widths of such cracks 
lying athwart current paths, with consequent fluctuations of their imped- 
ances to current flow. 

In transistor technology as it is currently practiced, liquid etching is used 
exclusively as the method for removing the surface layer of mechanically 
disordered germanium from the critical regions of the dice and bars used 
for transistor production. This operation is always performed at such a 
wlawe in the sequence of fabrication steps that later operations will not 
spoil the surface so produced. All soldering operations, for example, are 
jorlormed before the etch treatment, and all subsequent manipulations are 


a0 managed that the etched surfaces are neither mechanically handled nor 
chemically contaminated, 


* 1, H, Hall, J. Bardeen, and G, L, Pearson, “The Effects of Pressure and Tempera- 


ture on the Resistance of p-n Junctions in Germanium,” Phys, Rev, Vol, 84 (1951) p. 129. 
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16.3 ETCH SOLUTIONS: 
THEIR COMPOSITIONS AND PROPERTIES 


The past histories of both the crystal diode art and the transistor art are 
replete with studies of eich solutions and their effects. Most chemical 
etches for germanium surfaces so far developed have in common (1) one 
component which acts as a surface oxidant for germanium, and (2) another 
component, usually hydrofluoric acid, which dissolves the oxide as it is 
formed. Various additioral substances are then included to act as control 
agents, regulating the speed of the removal of material and the physical 
nature of the resulting surface. These etch properties are illustrated by 


the following description of two chemical etches in current use in transistor 
production. 


SupreroxoL Ercu 


1 part by volume S:peroxol * 


1 part by volume concentrated (48 per cent) hydrofluoric acid 
4 parts by volume distilled water. 


In this etch the hydrogen peroxide is the oxidant and the hydrofluoric aci 
is the oxide solvent. Etching times of 2 to 214 min at room temperatu 
are satisfactory. This treatment leaves the germanium surface etch-pitted 
and roughened to a matt2 finish, which is mechanically desirable in pres« 
sure-point contact devices where some surface roughness helps to anch 
the contact points against lateral sliding. Fig. 16-3 shows a photomicr 
graph of a cartridge-transistor germanium wafer surface after treatmen 
with this etch. 
Since the Superoxol etca is corrosive, obvious precautions must be tak 
in mixing, using, and stcring it. Because both components are volatilk 
and because hydrogen peroxide deteriorates with time, the etch mixtu 
should be freshly prepared on a day-to-day basis. Suitable etching co 


tainers for use with this etchant can be made from the bottom halves @ 
plastic hydrofluoric acid bottles. 


CP4 + Ercu 


5 parts by volume concentrated nitric acid 

3 parts by volume 48 per cent hydrofluoric acid 
3 parts by volume glazial acetic acid 

liquid bromine in the ratio of 10 drops per 50 cm? of the acid mixture, — 


In this etch mixture the nitric acid and hydrofluoric acid serve as oxid 

and oxide solvent. The bromine is added as an accelerator. Bromit 
quickly removes any surface layers which might impede the initiation 
the main etching reaction; it undoubtedly participates also in the oxidat 
phase of the etching. Without the acetic acid, the reaction of this etch 


*Superoxol is the trade name of a concentrated (30 per cent) aqueous solution 
hydrogen peroxide, 


+ CP stands for “chemical polish,” 
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Ia. 16-8 Properly etched surface, magnified 500 X, Superoxol etch. 


kermanium is violent and difficult to control. The acetic acid serves as a 
ioderator. The presence of acetate ions has a pH buffering effect on the 
ionization of the stronger acids and thus slows the action down and makes 
i controllable. 

‘The amount of bromine provided by the formula is above the solubility 
limit of bromine in the mixture. Some bromine will remain undissolved 
in the bottom of the mixing vessel. It is advisable after mixing to allow 
(he etch to stand for 2 or 3 min in order that the bromine concentration 
uy saturate. As with the Superoxol etch, precautions must be taken in 
iixing and handling, 

Immersion in this etch for about 3 min at room temperature ordinarily 
Hillices to remove enough germanium so that further etch is unproductive 
of better surface conditions. 

‘The surface produced by the CP4 etch on germanium is bright, smooth 
iid glossy, usually with a slight lemon-peel undulation. Such a surface is 
Mechanically not very suitable for pressure-point contact application, and 
i is ordinarily used only for devices having no such contacts. This surface 
hws been found superior, from the long-lifetime point of view, to the rough 
wurlace produced by the Superoxol etch. It is accordingly used for junc- 
tion ae fabrication where long minority-carrier lifetime is particularly 

Wanted, 


Ilectrolytie etches for germanium are coming into more general use for 


*lohing junction-bar elements, While the equipment required is not quite 
i eimple as that needed for chemical etching, the electrolytic etch pro- 
selure has the important advantage that since the electrolyte is compara= 


vely non-corrosive to metals, it can be used without elaborate masking 
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precautions. Moreover, a stream technique has been devised which con- 
fines most of the etching action to the junction region. Potassium hydrox- 
ide in distilled water solution is the most commonly used electrolyte. 


16.4 ETCH PROCEDURES AND TECHNIQUES 


The descriptions of procedures in this section are not to be taken as 
handbook directions for etching. Such directions properly belong in a 
specification. Etching procedure will be treated here by giving a few ex- 
amples and pointing out the underlying reasons for what is done in the 
various cases. 

In all cases the etching is performed after the attachment of the germa- 
nium element to the soldered contacts. This is done in order to prevent 
contamination of the etched surface by fluxes and vapors which would 
damage this surface, were the soldering to be done subsequent to the etch- 
ing. In order to prevent both the poisoning of the etch solution by metal 
ions from the soldered electrodes and corrosion damage to the latter by 
attack by the etchant, it is necessary prior to chemical etching to coat the 
metal parts with a protective layer of etch-proof material. This is done 
by painting the metal parts with polystyrene dissolved in toluene to a 
molasses-like consistency. Upon evaporation of the solvent, the poly- 
styrene layer serves as a suitable mask. There is always the danger that 
pinholes are present in this layer, where there are sharp corners and thin 
wires to be so protected. As has already been mentioned in Chapter 14, 
copper is a particularly undesirable contaminant in the etchant because it 
leads to variability of the resulting surfaces. Fig. 16-4 illustrates these pro= 
tective coatings on the soldered ohmic electrodes of the two typical device 
structures. In junction device fabrication, when it is desired to use an 
acid chemical etch, double masking layers are applied around the termi 
solder gobs. For some cartridge unit types, the surfaces of the dice a 
washed with soap and water after masking and before etching in order to 
clean away superficial layers of grease or oil which might retard the init 
tion of the etch reaction. Alternatively, a caustic dip has been used. 

For convenience in handling in the etching and subsequent operatio 
junction-bar elements may be mounted by their lead wires on electric 
plugs. Alternatively, for junction bars already mounted on hermetic~ 
header assemblies, a handling form made of Teflon and cut to the pro 
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Via, 16-4 Diagram of masking schemes, 
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Fig. 16-5 Mounting for process handling of junction bars. 


shape for insertion in subsequent etch holders and test jigs has been found 
wdvantageous. Fig. 16-5 shows a sketch of such a holder. 

‘The etching of cartridge-unit dice is done by immersing the base assem- 
lies bodily in Superoxol etchant. In practice this operation is performed 
simultaneously upon a number of base assemblies which are all lowered 
into the etch solution by means of a suitable carrier. Fig. 16-6 shows six 
wurtridge-unit base-plug-and-wafer assemblies about to be etched in a labo- 
ratory process. One base is placed in each of the compartments of the dip- 
ping basket, which is made of polystyrene. The etch container is the bot- 
tom half of a hydrofluoric acid bottle. After removal from the etch, the 
Hawes of some unit types are washed in running distilled water, rinsed in 
ormula 30 alcohol,* and dried, etched surface down, on clean filter paper. 
lor other unit types the alcohol rinse is omitted and the water is blown off 
with a jet of filtered compressed air. Before the base plugs are forced 
\nto the cylindrical cartridge shell, the polystyrene masking layer may be 
jwoled off with tweezers, although this operation has been found unneces- 
mary, 

Chemical etching procedure for junction-bar devices consists of dipping 
the bar, held by its plug mounting, under the surface of CP4 etch mixture 
ii « suitable container, In practice a number of bars, held by a suitable 


eee P 
*A mixture of 10 parta methyl! and 90 parte ethyl aleohol, 
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Fig. 16-6 Laboratory equipment used for Superoxol etching of base wafers. 


array of plug receptacles, are processed at one time. Fig. 16-7 shows the 
equipment used in a laboratory version of this process. The bar is rinsed 
for half a minute each m distilled water, ethyl alcohol, and carbon tetras 
chloride; and then, without allowing the tetrachloride to dry off, it is dipped 
into a carbon tetrachloride solution of silicone DC-200. Upon withdrawal 
from this solution and evaporation of the tetrachloride, it is covered by & 
thin film of DC-200. It is then passed on to the following steps of thé 
process or else stored in a desiccator until needed. 

The purpose of this sequence of rinsings and dippings for these bars is 
to produce a moisture-free surface for the measurements subsequently t0 
be made. As will be brought out in a later chapter, the presence of ads 
sorbed moisture on a CP4 treated surface causes an increase in the reversé 
saturation current of any barrier coming out to this surface. Alcohol ditt 
solves off the water left from the etch rinse. However, the alcohol molt: 
cule is polar, and its presence on the surface would render unreliable thé 
electrical tests that follow. It is therefore dissolved away by the carbon 
tetrachloride rinse. The silicone film prevents oxidation of the surfacé 
during the subsequent process steps, which are somewhat time-consuming, 

In the administration of any of the above etching processes, a num 
of precautions should be observed. When a number of units are etch 
together in the same container of etchant by dipping or by immersion, thi 
number of units so treated must not be so large as to overload the etchant 
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Fia. 16-7 Laboratory equipment used for junction-bar etching. 


In such cases 3 or 4 cm? of etchant per unit to be etched constitutes a safe 
(juantity. Some ebullition occurs during etching, and while agitation of 
the etch bath is not ordinarily resorted to, imperfect etching sometimes 
occurs locally when a large bubble grows but does not detach from the 
“ormanium. Solutions should be used as soon as practicable after they are 
imade up, and should be discarded when exhausted. Needless to say, all 
vontainers and auxiliary equipment should be maintained with scrupulous 
‘lonntiness. ‘ 

In the electrolytic stream-etch process, the etchant electrolyte flows out 
of u nozzle and down between the legs of a vertical guide made of tungsten 
wire or ribbon bent in the shape of a hairpin (Fig. 16-8). The legs of the 
liwirpin straddle the junction bar to be etched, with the plane of the hairpin 
purallel to and coincident with the plane of the junctions. The emitter 
and collector ends of the bar are electrically connected together and biased 
positively against the hairpin guide, 

Varameters at the designer’s disposal are shape and separation of the legs 
of (he hairpin, concentration and flow speed of the electrolyte, and current 
density, The shape of the cross section of the hairpin legs can be varied 
to control the degree and extent of the etching (Mig, 16-9), With proper 
vontrol of hairpin design and electrolyte flow rate, the electrolyte can be 
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Fig. 16-8 Sketch of stream electrolytic etch operation. 


largely kept away from the soldered terminal connections of the bal 
Moreover, by using a dilute electrolyte of comparatively high resistivi 
and by providing close spacing between the hairpin legs and the surfac 
of the bar, one may cause most of the action to take place near the mid 
of the bar and hardly any near the ends. The solder is not noticeably a 
tacked when these precautions are taken, and the gold wires, of course, 
unaffected. 

For bars with a cross-section of around 30 mils square, a current of 
milliamp for between 1.5 and 2 min is generally sufficient. The bars # 
then rinsed in place for 44 min in running deionized water, removed 
dried in a stream of dry nitrogen, and tested for junction impedance 


Q Wiz 

Q eral 

(a) (b) (c) 
Ha, 16-0 Effect of electrode shape on extent of etching, 
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Fig. 16-10 Test for junction impedance after electrolytic etch. 


both directions on a current-voltage CRO test set (Fig. 16-10). A junction 
bar showing a poor characteristic after about 14 min on the test set, still 
in the dry nitrogen stream, is re-etched and tested again. If it is still poor, 
it is discarded. Good units are kept in a dry nitrogen desiccator until they 
‘re sealed into the hermetically sealed cans. 

As was pointed out in Chapter 13, different cutting processes used for 
preparing the germanium dice or bars leave the germanium surfaces dis- 
(urbed to different depths. For surfaces deeply disturbed, as by rapid 
waw-cutting, 1t may be necessary to remove several thousandths of an inch 
of surface material by etching in order to expose virgin crystal. While 
(he etch times given in this chapter are nominal for laboratory processes, 
it is advisable, when setting up a new process, to determine a minimum 
eich time for each new cutting routine. Inspection of etched surfaces 
should be performed frequently during the early stages of setting up an 
wich process. A bluish film on a Superoxol-etched surface or a foggy film 
on a CP4-etched surface indicates contamination of the etch (pinholes in 
iiusking films) or carelessness in the rinsing or drying. 
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minority-carrier diffusion constant 
collector current 

reverse saturation current 

density of electrons in p region 
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charge of one electron 

transport factor 
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Chapter 17 


FINAL ELECTRODE ATTACHMENT 


TRANSISTORS, as has been pointed out in Chapter 11, are classified in two 
general categories, i.e., point-contact types and junction types. For both. 
types the fabrication processes which are currently being used in the prepa- 
ration of the essential parts have been described, both in a theoretical and 
in a practical sense. 

In this chapter, the final mechanical operations are described and illus- 
trated for the fabrication of one type of point-contact and one type 
junction transistor. These operations are concerned with the final ele 
trode attachment or the assembly of the parts, which have been prepa 
as reviewed below, into suitable embodiments. (See the fabrication flo 
chart shown in Fig. 11-2.) The major considerations for the point-conta 
type are the control of the position, the spacing and the pressure of t 
point-contact wires, and the effects of point-contact force in relation 
design factors and unit characteristics. For the junction types, the theo 
and the mechanics of bonding gold-alloy wires to germanium surfaces 
considered, as well as the methods for the precise location of the juncti 
prior to bonding. 


Point-Contact Types. For the point-contact types, single crystal ge 
nium, designed in its preparation to have specific properties of resistivi 
and lifetime, is sectioned into slices and then into dice having defini 
physical dimensions. Ohmic contact to one surface of each die is esta 
lished either by direct soldering of the germanium to a base electrode, 
by soldering a tinned electroplated metal contact, previously provided 
the slice state, to a base electrode. The other surface of the die is eteh 
in a special manner to provide a clean, uniform surface having a ce 
roughness to minimize slipping of the points. Wires of a special alloy co 
position are chisel-pointed by a process which results in a uniform § 
contact area for each wire. The wires are shaped into special bends 
provide the spring action necessary to maintain contact pressure bet 
the point and the germanium surface, The essential parts of the p 
contact type thus consist of a germanium die, with a base electrode and 

862 
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etched surface, together with an emitter wire and a collector wire, each 
pointed and bent to form a spring section. 


Junction Types. For the junction types, the germanium crystal is proc- 
essed by chemical or other means so that a layer, opposite in conductivity 
type to the type of germanium surrounding it, is produced in the cross 
section. This layer with a small amount of germanium on each side is sec- 
tioned from the crystal and then cut into small bars, each having definite 
physical dimensions, and each containing a junction section. Electrodes 
consisting of fine nickel wire are attached to the ends of each bar by solder- 
ing. These may be the emitter and collector connections for a transistor, 
or the two connections for a junction diode. 

T ion for i 
lhe surface preparation for the bars consists of Saw Es G fi stictign 





4. very vigorous etch which thoroughly cleanses 
and polishes with considerable removal of sur- 
face material. The base electrode, a fine gold- 
alloy wire, is attached by bonding to one sur- 
face of the bar at the junction to establish the 
base connection for a transistor. This wire is 
provided with a bent section which acts as a 
spring to minimize stress on the bond. Thus, 
for junction types, the prepared parts consist of 
a deeply etched germanium bar containing a 
junction, end electrodes, and a fine wire with 
a bent section. 

Sec. 17.1 gives a description of the final as- 
wombly of a cartridge-type point-contact trans- 
intor (Fig. 17-1). The following sections describe 
the final electrode attachment operations for a typical grown-junction trans- 
intor. The precise location of the junction will be covered in Sec. 17.2. 
‘The bonding of gold and gold-alloy contacts to a germanium surface or to 
4 junction will be described in Sec. 17.3, with particular reference to the 
iwwembly of a junction transistor. These will illustrate the techniques pres- 
ently used for all junction transistors. 





Fie. 17-1 Parts of Type A 
cartridge transistor. 


17,1 NON-OHMIC ELECTRODE ATTACHMENT FOR THE 


POINT-CONTACT CARTRIDGE TRANSISTOR * 


‘This description begins with the etched wafer attached to the base plug, 
(he point-and-stem assembly, and the sleeve into which the two former 
jloms are to be force-fitted and which thereafter will serve to hold the 
(ransistor together. Fig. 17-2 shows a longitudinal section drawing of an 
amombled cartridge unit of the production variety having a crimped sleeve 
and swaged point wire connections to the emitter and collector lead pins. 
‘The circumferential crimp in the sleeve is used as a seat for the point-stem 
amombly which is to be pressed into the sleeve, 

‘The sleeve is made of seamless brass tubing of the appropriate length 


* Moo, 17.1 ia by L, W, Johnson and J, J, Kleimack, 
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Fig. 17-2 Cartridge transistor assembly. 


and diameter. The inside ends are beveled to facilitate the insertion of 
the base plug and stem. The completed machined sleeves are nickel-plated 
for protection and given a final tin flash for lubrication in the squeez@ 
operations. Two cross-drilled holes are provided for viewing point spacing 
and toe-in after the unit is assembled. These holes serve also as vents for 
filling with impregnant in the final operation. 

As soon as possible after the completion and adjustment of the point=— 
stem assemblies they are pressed into sleeves to prevent any possibility of 
damage to points through handling, since the sleeve will act as a guard 
until final assembly with the base wafer assembly. This operation, press« 
ing stems into sleeves, is performed on an air-operated bench tool (Tig, 
17-3). Here, the stems are loaded in a special carrier rack located on an 
indexing base. As they are indexed under the air press, a sleeve, previously 
loaded into a nest, is pressed over the plastic plug until the plug seats 
against the circumferential groove in the sleeve. The stem plug itself is 
pressed underflush with respect to the end of the sleeve. This particular 
tool, with a suitable fixture, is also used for assembling the base wafer 
assembly into the point-stem-sleeve assembly. Following this operation 
the unit is placed in an arbor press, and the end of the sleeve is crimped 
over the stem at three points, Fig. 17-2, thus anchoring it firmly in the 
sleeve. 4 

The point-stem-sleeve assembly and base-wafer assembly are now ready 
for the final assembly. The base-wafer assembly is oriented and nested in 
a special holding fixture for use with the air-press tool shown in Fig, 174, 
The masking material is not removed from the base plug, since the excom 
masking will shear off as the sleeve is driven down over the base, ‘T’ 
sleeve containing the point-stem assembly is oriented in a holder dire 
above the base-wafer assembly, and is pressed over the oriented base-wafi 
assembly, It has not been necessary to crimp the base-wafer assem 
into the sleeve since the metal-to-metal contact remains tight, 
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I'iq, 17-8 Point-stem and sleeve assembly tool, also used for base-sleeve assembly. 


The base-wafer assembly is pressed into the sleeve at this operation to 
a distance just short of making contact with the point wires on the stem. 
‘he contact is made in the next operation referred to as the fine squeeze 
operation. The unit is inserted into an anchored socket with the base end 
exposed (Fig. 17-4) and the base-wafer unit is then pressed farther into the 
sleeve at a slow rate until electrical contact is made between the wafer and 
the point wires. The tool now used consists of a suitable holder for the 
unit and an advancing shaft that presses against the base of the assembled 
unit and causes it to progress 0.001 inch each time the driving crank makes 
one revolution, When contact is made, the wafer assembly is advanced 
0,002 to 0.003 inch farther to exert the proper spring pressure of the point 
wires against the wafer. 

Upon completion of the fine squeeze operation, an inspection is made of 
ihe point spacing on the wafer by viewing the points through the side holes 
in the sleeve with a 90-power microscope equipped with a suitable measur- 
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Fie. 17-4 Fine squeeze tool. 


ing reticule. Acceptable units are sent to the next operation. If the wafer 
surface is properly prepared and the correct toe-in angle of the points is 
maintained prior to assembly, a minimum of difficulty due to point slippage 
should be experienced. However, the time interval between the end of this 
operation and the following impregnating process should be kept to a mini-« 
mum. As mentioned previously, assemblies have been stored in dessicators 
for 48 hr without noticeable adverse effects, but every attempt is made to 
impregnate assembled units immediately. Where immediate impregnation 
is not possible, the delay should not exceed 2 to 4 hr. 


17.1.1 Pornt-Conract Force. In point-contact devices the force on 
the point, which is derived from compression of the bend or spring section 
of the wire, is determined by the wire size, the wire stiffness, and the sizé 
and type of bend in the wire. Initially the point area of a carefully pre= 
pared point contact is extremely small. Since the germanium is much 
harder than the electrode material, even the weakest force necessary t@ 
keep the point located on the germanium surface produces a very large 
pressure between the point and the surface which exceeds the yield pressur® 
of the point material. The area of the point increases at the constant yiel 
pressure until the applied force is balanced. If the force is then reduo 
the contact area does not change and the amount of spring compression 
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directly related to the force on the contact. If the force is increased in ex- 
cess of the previously applied maximum value, the contact area again in- 
creases. Thus, when a given compression in a spring section is established, 
a definite area of contact results. 

Although the point force determines the area of point contact, investi- 
gation has indicated that after the collector point has been formed, the 
force and hence the contact area do not greatly influence the small-signal 
transistor characteristics. This is illustrated by the set of data shown in 
lig. 17-5. The percentage changes in the small-signal 711, r12, 721, ’e2, and 
alpha are plotted as functions of contact force in dynes. In this experiment 
the emitter and collector point forces were varied together after the collec- 
tor was formed. The point contact wires were straight sections of the 
standard 0.005-inch diameter wires with chisel-shaped points. The collec- 
tor was formed at a force of 19 X 10° dynes as indicated by the circled 
points. The initial measured values after forming are given. The point 
forces were first decreased and then increased, as shown by the arrow heads, 
up to 98 X 10? dynes. The standard range of forces used in transistors is 
between 10 X 10? and 20 X 10? dynes. 

Krom Fig. 17-5 it can be seen that the largest change was a reduction 
of about 20 per cent in the re; characteristic at the higher force values. 
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Wid, 17-5 Changes in amallesignal characterisation with point force, 
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This is probably the result of the increase in area of the emitter point. 
There was less than a 5 per cent change in both rj; and rj2; 22 remained 
unaffected except at the lowest force value. The change in alpha reflects 
the rz; change. Such small contact force and hence area independence for 
formed transistors is probably due to the fact that the forming process 
produces a region of low resistivity on the germanium surface which is 
much larger than the actual metallic area of either the collector or emitter 
contact. Thus, changes in the collector area have little or no effect, while 
changes in the emitter area produce only small variations in the transistor — 
characteristics. From this experiment and others in which the collector — 
and emitter forces were varied separately, the contact areas produced by — 
forces in the range of 10 X 10° and 50 X 10 dynes are believed to give 
approximately similar transistor characteristics. 

In Fig. 17-6 the force-deflection curves for the S-bend contact wire of 
the bead unit and the C-bend contact wire of cartridge-type transistors are 
plotted as the solid curve and the dotted curve, respectively. The force is 
given in grams or dynes as the ordinate, and the deflection in mils as the 
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Fig. 17-6 Curves of foree versus deflection for 5-mil phosphor-bronze wire in 
type and C-type bends, 
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abscissa. It can be seen that the C type has approximately twice the stiff- 
ness of the S type. These curves were obtained on the standard 0.005-inch 
diameter phosphor bronze and beryllium copper wires by direct application 
of the force and measurement of deflections produced. They are the aver- 
age curves for a number of wires of both types in both materials. In taking 
these curves there was little difference shown between the wire materials, 
a fact which, as has been pointed out in Chapter 14, is a feature of the 
preparation of the beryllium copper wire. The straight portions of the 
curves indicate a spring constant of approximately 6 gm per mil for the C 
bend, and approximately 3 gm per mil for the S bend. The elastic limit 
indicated on each curve is the “apparent” * elastic limit. Each is obtained 
by drawing through the origin a straight line having a slope with respect 
1o the vertical axis 50 per cent greater than the slope of the straight part 
of each curve, and then finding the point of tangency between the curved 
section and a line parallel to the reference line. Elastic limits of approxi- 
mately 50 gm for the C and 25 gm for the § are obtained. 

I'rom the C-bend curve of Fig. 17-6 it can be seen that a deflection of 
0,002 to 0.003 inch which is the standard for the cartridge wires, places a 
force of approximately 12 to 17 gm on the points. This force is about one- 
fourth of the elastic limit and gives a very wide margin of safety. 

An important feature of point-contact design is the prevention of slippage 
or skidding of the points on the germanium surface. Two factors are in- 
volved. The first of these is the provision of the special rough surface on 
(he germanium, which is established by the pre-etch surface lapping and 
(he Superoxol etching procedure as described. The second, and even more 
\mportant, is the design of the bend section of the wire. To prevent skid- 
(ling, the geometry must be such that all tangential forces are in equilib- 
rium. This is achieved automatically with an S bend of the lead wire 
which has symmetrical moments about the vertical axis of the wire; i.e., 
(he area of the two halves of the S are equal. This is also achieved in the 
(‘ bend by design, as shown in Fig. 14-7. 


17,2. PRECISE JUNCTION LOCATION { 


At various points in the fabrication process it is necessary to locate junc- 
(lons between n-type and p-type portions of diode and triode structures. 
Mometimes the junctions need to be located only approximately with rather 
wide tolerances on their positions. Such is the case in the cutting out of 
pen junction bars for diodes and photocells, for which the exact positions 
of the junctions are unimportant as long as they are near the centers of 
the bars. Methods for establishing the rough location of junctions have 
}won deseribed in See. 12.2, 

At other stages of device fabrication it is necessary to locate the positions 
of junctions very accurately. For example, the base contact of an A1848 
jepen junction transistor must be positioned on the surface of a germanium 
hav with a tolerance of only a few ten-thousandths of an inch, This posi- 


4 Iwohbach Handbook of Engineering Fundamentala, p, 5°04, 
| Moo, 17.2 In by W. Jd. Pletenpol, 
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tioning must be performed after the bar is mounted and etched, as de- _ 
scribed in Chapter 16. In this case any of the junction-locating methods ~ 
are inappropriate which require that the bar be submerged in plating solu-_ 
tions or be subjected to any treatment detrimental to surface lifetime. 
The requirements for the gold-bonded base contact to an A1848 are: 


(1) The contact bond must be as nearly ohmic as possible and must have © 
as low resistance as possible. 
(2) It must be so made that it does not cause a short circuit across the 
base layer from emitter to collector. 
(3) Since the gold base lead wire is 0.002 inch in diameter and the base 
layer itself may be as thin as 0.001 inch or less, the gold wire contact, 


point must be located very accurately on the surface of the bar be- 
fore bonding. 


There are three methods by which junctions can be precisely located for 
purposes of base contact bonding. These methods will now be described 
in detail. 

Fig. 17-7 shows a schematic view of the desired bond between the gold 
wire and the base layer of a triode structure. Note that the bond has been 
located so as to overlap the collector 
junction and forms a p-type region 
immediately under the contact, con 
tinuous with the rest of the bas 


GOLD 
WIRE 


barrier has been displaced to th 
right, and the base-to-collector im 
pedance is satisfactorily high in the 
displaced region. The emitter barri@l 
has not been altered either in posh 
tion or character. Since the emit 
region is heavily doped, it would b 
difficult to overcompensate this 
gion by the impurity diffusion inel 
dental to bonding, and an emitte 
to-base short might result if the bs 
contact overlapped the emitter eva 
slightly. 
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Fie. 17-7 Junction bar with bonded 
base lead showing position of barriers. 


17.2.1 Use or THE Pornrt Prose To DererMIne “Static CHARACTHI 
istics.” The first method of accurate junction location employs a poill 
probe, which is itself the chisel-pointed end of the gold wire to be bonded 
The method makes use of the rectification characteristic between the Go 
lector lead and the probe point as it contacts the surface of the germani 
bar in different places. A micromanipulator is used to move the gold pol 
along the bar and to position it for the bonding operation. The jig f 
moving the point vertically and horizontally, and for measuring the di 
tances moved, has been described in an earlier section, Fig, 17-8 is ad 
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Via. 17-8 Schematic diagram of circuit for the “point probe-static characteris- 
tic’’ location of junctions. 


gram of the simple circuit which permits the presentation of the volt-cur- 
ront characteristic on the screen of an oscilloscope. As can be seen in the 
figure, the current is plotted vertically and the voltage between points B 
und C is plotted horizontally. A low-frequency generator or sixty-cycle 
line voltage is used to sweep out the characteristic. 

I"'ig. 17-9 gives sketches of the various characteristics presented by the 
oncilloscope when the point is touching the collector, base, and emitter 
portions of the structure respectively. If the point is touching the collector 
region of the bar, there is but one rectifier in the circuit, that of the contact 
point against the germanium surface. Accordingly the oscilloscope pattern 
appears as shown in the first of the three presentations. If the point is 
moved into the base section of the bar, there are then two rectifiers in the 
vircuit, opposing each other. The point-to-germanium rectifier is relatively 
poorer in the reverse direction than the base-to-collector junction rectifier, 
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Via, 17-0 ‘Typical oscilloscope patterns obtained by the “point probo-static char- 


acteristic” method, 
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and the corresponding oscilloscope pattern, shown in the center sketch, is 
unsymmetrical. If the point is moved onto the emitter region of the bar, 
the circuit spans three rectifiers, two of which (namely, the two junctions) 
are of comparably high reverse impedance. Accordingly the oscilloscope 
pattern becomes more symmetrical, as indicated by the right-hand sketch 
in Fig. 17-9. 

It is thus possible to determine which region of the bar the point is 
touching, and by moving the point along in small steps and watching the 
changes in oscilloscope pattern, one may finally locate the point at the exact 


position desired on the edge of the base region nearest to the collector 
junction. 


17.2.2 Use or THe Pornt Prose To DrererMINE ‘“DyNAMIC CHARAC= 
TERISTICS.” Another method of point probing to locate junctions in n-p-1 
bars employs dynamic characteristics. The jigs used to move the poin 
along the bar and to measure distances are the same as previously di 
scribed, but the circuit and oscilloscope presentations are different. Figu 
17-10 shows a test circuit in which a 60-cycle source of voltage is appli 
across the entire n-p-n bar, and a 10-kilocycle source is applied betwe 
the point and the emitter end of the bar. Resistance Rg is large compa 
with Ro and R4, and Ry and Ry are large compared with R,. The current 
flowing through the emitter end of the bar is then plotted as a function 
the voltage across the bar, and the resulting volt-current characteristi 
appears on the oscilloscope. If the point is touching the base layer of thi 
n-p-n junction bar there will be an amplified 10-ke signal in the outpu 

during the half cycle when the collector is positive. The circuit thus co 
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Fig. 17-10 Schematic diagram of circuit for the “point probe-dynamia ¢ 
teristic” location of junctions, 
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ia, 17-11 Typical oscilloscope patterns obtained by the ‘point probe-dynamic 
characteristic” method. 


sponds to a grounded-emitter type of amplifier, with a-c collector bias in- 
aloud of the customary d-c. The patterns that are obtained by this method 
are illustrated in Fig. 17-11. Here the voltage is plotted horizontally and 
(he current vertically. 

If the point is touching the emitter region, there is a small 10-kce ripple 
#liperposed on both branches of the 60-cycle sweep as shown in Fig. 17-11(a). 
I{ the point is touching the collector region but is several minority carrier 
diffusion distances away from the collector junction, the pattern will be 
similar to that illustrated in (b). As the point approaches the p-type layer 
from the collector side, the lower left portion of the oscilloscope pattern 
opens out as in (c). Then, when the point is brought across the collector 
junction to a location on the base layer itself, the pattern appears as shown 
in (d), By moving the point along on the surface of the bar and simul- 
(uneously observing the oscilloscope pattern, one may finally locate the 
point in the correct position for bonding. 

‘The advantages of the dynamic method of presentation are that the 
pelype layer is somewhat more sharply defined than by the previous method, 
wid that the circuit is suitable for testing the electrical characteristics of 
ihe completed transistor after bonding. Variations in the sizes of the pat- 
forna and in the slopes of the current-voltage plots give indications of the 
ourrent gain factor alpha and of the collector impedance r,, Tor example, 
the clreuit may be so arranged that if there is any flattening of the pattern 
de chown in Fig. 17-12(¢), the alpha is less than 0,95 or some other set 
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(@) HIGH ALPHA 
HIGH YQ 


(b) HIGH ALPHA 
Low 


(c) Low ALPHA (d) Low ALPHA 

HIGH Low R 
Fig. 17-12 Typical oscilloscope patterns showing good and degraded M1752 
characteristics. 


value. Also, if the lower margin of the spread pattern is sloping as in (b), 
there is an indication of low collector impedance r,._ Thus, units with lo 
alpha or low r, may be eliminated at this stage without further testing. 

It has been found experimentally that there is good agreement betwe 
the alphas inferred in this way before bonding, with the gold point in p 
tion, and the alphas actually shown by the completed transistors. 


17.2.3 Dretecrric Dust. The third method of accurate junction loa 
tion has been described in connection with materials evaluation in § 
12.2. It consists of the use of finely divided powder of a high dielect) 
insulator suspended in a volatile insulating liquid. The liquid serves as 
medium in which the dust may respond to high field gradients near the 
junctions. A volatile liquid such as carbon tetrachloride then evapora 
and leaves lines of dust deposited by induction on the junctions. Satisf 
tory dielectrics for this technique are barium titanate and diamond. 

Although the junctions can be located with high precision by th 
method, there is a serious drawback to its use in connection with con 
bonding for triodes. The residue of insulating particles on the germani 
surface presents a problem in obtaining contact between the gold point 
the germanium. It is thus necessary often to move and replace the 
several times before enough of a contact is established to initiate the 
ing. 

‘Since the major purpose of accurate junction location is to enable 
making of satisfactory base contacts in junction triode transistors, 
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methods employing point probing have found the widest application. While 
other methods are quite satisfactory for other purposes, and may even be 
simpler or otherwise superior, the majority of experience has been obtained 
by probing. The dynamic method of representation described in Sec. 
17.2.2 seems particularly well suited for n-p-n transistor fabrication. 


17.3. GOLD-BONDED CONTACTS * 


One way of attaching contacts to germanium surfaces is by the process 
of bonding. In this method of contact attachment, a suitable gold or gold- 
ulloy wire is brought into contact with the properly treated germanium 
surface and bonded or welded thereto by the application of heat. A con- 
(uct made to germanium by this method possesses good mechanical strength 
and in addition has useful electrical properties. By the selection of the 
proper material in alloy with the gold wire it is possible to make either 
ohmic or non-ohmic (i.e., rectifying) contacts, to either n-type or p-type 
germanium. Also, it is possible to make a contact in the region of a p-n 
junction in germanium which is both ohmic and non-ohmic at the same 
(ime: that is, ohmic with respect to the p-type material and non-ohmic 
With respect to the n-type material. The latter property is useful in the 
fabrication of the n-p-n transistor. 


17.3.1 Mernop or Bonpine. Having chosen the proper gold alloy and 
(he proper germanium, and having the proper means of holding the two 
together, it is necessary to apply heat to the contact to establish a bond. 
‘The temperature required to melt a eutectic alloy of gold and germanium, 
containing 88 per cent gold and 12 per cent germanium, is 358°C. Ifa weld 
in to be established it is certainly necessary to reach this temperature. 
llowever, since both gold and germanium melt in the neighborhood of 
1000°C, no harm should result from exceeding this eutectic temperature 
hy a reasonable margin. 

Several means of applying heat in order to establish the weld have been 
(ried, The most straightforward means is to place the germanium, with 
(he gold wire in contact with it, on a metal ribbon, and then to heat the 
tibbon by the passage of an electric current. This heats the germanium 
i well as the contact. From the standpoint of mechanical strength, satis- 
luetory bonds have been made by this process; but the temperature to 
which it is necessary to heat the germanium may be detrimental to the 
loctrical properties of the germanium. Thus the bond so established may 
hw unsatisfactory from the electrical standpoint for some applications. Of 
wourse, if other electrodes have been attached to the germanium previously 
with soft solder, those electrodes are adversely affected by the heating. 

Hloating the contact by placing the assembly in a radiant furnace or an 
t-! hoater-type furnace also may allow the temperature of the germanium 
and the other electrodes on the germanium to go too high, 

A jot of heated air might be used to heat the region between the germa- 
fiium and the gold contact wire. However, there is some doubt about the 


ability of a small jet to furnish sufficient heat to the contact region without 
. - — _ + 
* Moo, 17,8 ia by M, C, Walta, 
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(a) (b) (c) (d) 
Fig. 17-13 Growth of the bond. 


‘also excessively heating the germanium, since both germanium and gold 
are good thermal conductors. 

Since both the germanium and the gold wire are electrical conductors, 
another way of supplying heat to the contact region is to pass an electri¢ 
current between the germanium and the gold wire. This method is the 
most satisfactory one that has been found and is the one that will be de- 
scribed in subsequent discussions. Thus, the high temperature required ig 
obtained in the same way that heat is obtained in making a spot weld. 

Fig. 17-13 shows some of the stages in the forming of a bond of this type, 
The diagram at (a) shows the gold-alloy point in contact with the surface 
of the germanium. When a current is forced to flow, heat is developed 
around the contact where the current density is highest. As soon as the 
temperature at the gold-germanium interface has reached a value exceeds 
ing the melting point of the eutectic alloy, some of the alloy will start to 
form as in (b). In the figure the alloy is shown dotted. It might be men= 
tioned at this time that too high a current at this part of the bonding will 
result in a vaporization of gold and germanium resulting in a bright fla 
of light and a poor bond. As the bond grows in size, it soon appears 
shown at (c), where the bond is now the size of the wire. For maximu 
mechanical strength the bonding should continue until it appears as sho 
in (d). A photograph of a section of a gold bond is shown in Fig. 17-1 
The crack that is visible between the germanium and the gold-germaniul 

alloy developed during sectioning. 

It should be noted that the gold wire used to make a bond to the b 
of the n-p-n transistor of the grown-junction type is sharpened to a chi 
point before bonding. This permits a reduction of the size of bond 
make the size commensurate with that of the base region. The exampl 
above are intended to illustrate the process of bonding. 


17.3.2 Equipment Requirep. The method of gold bonding that 
found to be most satisfactory for the attachment of contacts to germanilt 
is to place the gold wire in mechanical contact with the germanium surly 
and generate heat at the contact by the passage of a suitably controll 
electric current. 

The first essential to the proper bonding by this means is the choice 
a suitable jig. The jig should be capable of holding the germanium 
gold wire in close contact with one another, and should in addition po 
sufficient rigidity to prevent a relative shift of position between the t 
If, as is the case with the n-p-n transistor, it is necessary that the con 
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\'iq, 17-14 Longitudinal section through bonded-gold electrode, magnified 500 x, 


showing gold wire, gold-germanium eutectic, and germanium; un- 
etched. 


hw made at a particular location on the surface of the germanium, then the 
jig has to be capable of imparting a motion to the gold wire relative to the 
wormanium surface. 

I'ig. 17-15 is a sketch of a laboratory jig that has been used to hold the 
wold wire and the n-p-n germanium bar in the fabrication of the grown- 
junction type transistor. There are means for holding the germanium 
tepen bar by clamping to the emitter and collector leads. These leads are 
altached to the germanium by soldering as described in Chapter 15. The 
wold wire, in this case complete with an S bend, is attached by spot weld- 
ing to a heavier lead wire. The lead wire is held in place by a clamping 
arrangement, The jig is placed in a manipulator and held in alignment in 
the manipulator by the two pins at the bottom of the jig. A clamp, C, is 
tomporarily attached to the lead holding the gold wire, This clamp, a part 
of the manipulator, is movable with three degrees of freedom, permitting 
(he gold wire to be placed in position on the germanium bar and held there 
during the bonding, ‘The jig is made of electrically insulating material to 
permit cleetrical measurements to be made, Tn addition, this material per- 
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Fig. 17-15 Jig for holding germanium bar and gold wire during bonding. 


mits the bond to be made by the passage of current from the gold wire to 
the germanium bar. 

The bond is made by passing a controlled direct current through the 
gold-germanium contact. The resistance associated with the small area of 
contact when the gold wire is placed on the germanium is quite high, but 
the resistance drops rapidly as the contact becomes heated and the contact 
area grows. The final resistance in the hot state will be on the order of 2 
ohms, compared with a starting value of possibly 50 ohms. The dynami¢ 
impedance as seen under these conditions has a negative value, i.e., increas- 
ing current corresponding to decreasing voltage drop. If the bonding operas 
tion is carried out with a low-impedance source, there is a tendency for the 
current to run away unless a circuit breaker is used to shut off the current 
when it reaches a predetermined value. If the bonding is done with a 
high-impedance or constant current source, the initial current while the 
area of the bond is still small will sometimes cause vaporization of the gold 
wire in the neighborhood of the contact. Best results are obtained by the 
use of a source having an impedance in the range of a few tens of ohms, 

Energies of the order of 0.1 joule are required to complete a bond using 
0.002-inch diameter gold wire. This energy should be released in a time 
short enough to prevent its loss by thermal conduction in the germanium, 
To determine the length of time that the current is allowed to flow requir 
a timer of some kind. The type of timer to use is not critical as long 
it is reasonably accurate in regulating times from a few milliseconds to p 
sibly 50 milliseconds. Fig. 17-16 shows the schematic of a bonding supply 
The indicated values of R are intended to include any resistance in 
power supply and timer, 

If a low-impedance source and a circuit breaker are used for bonding, 
size of the bond will be controlled by controlling the shut-off curren 
Where somewhat larger bonds are required this method of control may 
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Fie. 17-16 The bonding supply. 


more reliable than the one shown in Fig. 17-16. Fig. 17-17 shows a circuit 
suitable for bonding by this method. The relay should operate with small 
voltage drop to keep the source impedance low, and should have heavy 
contacts to carry the bonding current. In use, the bonding circuit is con- 
nected to the contact to be bonded, after which switch S is closed. The 
current through the bond will increase until it is large enough to operate 
the relay, at which time the relay contacts carry the bonding current and 
automatically lock up. When S is released the circuit reverts to its original 
condition. Varying R varies the sensitivity of the circuit breaker and thus 
controls the maximum bonding current. 


S R 


STORAGE = 


To 
BATTERY Re CONTACTS 


Fic. 17-17 Another form of bonding supply. 


Since germanium is sensitive to various atmospheres it is sometimes nec- 
oasary to be concerned with the atmosphere during the bonding process. 
‘The simplest means of preventing oxidation of the germanium is to cover 
(he contact region during bonding by a thin layer of inert material. The 
most commonly used substance for this purpose is Dow-Corning DC-200 
silicone oil, ‘The oil is placed on the germanium surface before bonding 
und is removed afterward to permit subsequent chemical treatments as 
(lixecussed in Chapter 18. Alternatively, the bonding operation may be 
warried out in an inert atmosphere of helium or nitrogen. 

Production-type bonding equipment and procedures are similar to those 
just described. However, in the fabrication of the hermetically sealed 
ep triode the bonding to the base layer is performed prior to the inter- 
modiate surface treatment etching step, and the alkaline electrolytic etch 
(Moc, 16.4) is administered to the transistor element with all of its elec- 
(rodes in place on the header assembly. 

ase bonding equipment for this unit possesses all the features just de- 
wribed for the laboratory equipment. A clamp holds the L-shaped gold- 
gallium base electrode wire, while the n-p-n clement, already soldered to 
ihe emitter and collector pins of the header assembly, is moved laterally 
about 0.0005 inch at a time and successively brought into contact with the 
paddlo-shaped end of the base electrode wire, ‘This probing is continued 
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until, by the appearance of the oscilloscope pattern, it is determined that 
the base layer has been contacted. The bond is then made as described 
above, and the unit is ready for etching. 


17.3.3 Resutts. When made in the above fashion, the contact to the 
germanium should have good mechanical strength and should have the re- 
quired electrical properties. As the bond is used on the grown-junction 
n-p-n transistor for a base contact, it should have sufficient mechanical 
strength to stay together during the subsequent treatments that are neces- 
sary to make a completed transistor. The best test of the bond is to see 
whether it will stand the required handling without breaking. While the 
transistor is still in the manipulator, after the bond is made, the contact 
can be examined under a microscope. If the base lead wire is now pulled 
away from the surface by the manipulator, the motion can be observed by 
watching the flexing of the spring in the gold wire. Some estimate of the 
strength of the bond can be made if the spring constants for the wire are 
known or can be computed. 

A destructive test can also be performed at this stage where the force 
required to break the bond is measured directly. A bond using 0.002-inch 
gold wire should be judged to be satisfactory generally if a force of 2000 
dynes is required to break it. Very good bonds will sometimes stand a pull 
of over 5000 dynes. 

Whether or not the gold bond is satisfactory from the electrical stand- 
point can be judged by making electrical measurements of the device into 
which the bond is incorporated. A description of suitable electrical tests 
will be found in Chapter 24. 
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Chapter 18 


FINAL SURFACE TREATMENT 





Ar this point in transistor fabrication the pieces of germanium are essen- 
tially in their final form. They have been cut and etched to the correct 
size and with a suitably smooth, chemically polished surface. Leads have 
heen soldered on. Points have been placed in position and, in the case of 
junction transistors, bonded. The units are now ready for their final clean- 
ing and protection. 

Cleaning and protection are not simply a matter of removing contami- 
nants from the surface. It is quite certain that the surface is practically 
never actually clean germanium. At this stage, cleaning off an undesirable 
surface condition ordinarily means replacing an undesirable germanium 
wompound with something desirable or, at least, less harmful. An alterna- 
live to the formation of germanium compounds is the more or less perma-~ 
nent attachment of ions to the germanium crystal surface. 

l"inally, whatever the surface condition, an inert over-all coating is nec- 
Onnuary to give mechanical protection and to prevent future chemical con- 
(umination. 

This stage in transistor fabrication is one of the most critical ones. Sur- 
luce conditions are an important factor in determining the effective charac- 
loristics of the germanium, such as the minority-carrier recombination 
tule, Very serious instabilities and thermal effects are connected with sur- 
nce materials which break down or ionize under the influence of an electric 
field or elevated temperature. Humidity is an especially troublesome fac- 
lor, Unless precautions are taken, ordinary humid summer conditions may 
“0 change the characteristics of many units as to prevent practically all 
lubrication, Even in less extreme cases, moisture can produce or accelerate 
wndesirable chemical reactions and can also cause troublesome reversible 
fleets, which, in the lower humidity ranges, appear to be changes in the 
surface recombination rate, and at higher humidities are evidently elec- 
tvieally conducting layers superposed on the germanium, 


iN} THEORETICAL AND EXPERIMENTAL BACKGROUND 


Hefore going into descriptions of the specific methods and means em- 


ployed in the final surface treatment of semiconductor elements, it is well 


wut 
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to discuss some of the background material under the headings (1) folklore 
and witchcraft, and (2) theoretical development. 


18.1.1 FoLKLorE AND Wircucrart. In the early stages of any develop- 
ment its pursuers do a certain amount of groping in the dark. Techniques 
are stumbled upon for which the only justification is that they seem to 
work, even though at the time there is no apparent logical basis. Such 
processes and items of experience, resembling witchcraft and folklore, are 
frequently very valuable but should always be handled critically. Tran- 
sistor processing in the initial stages of its development included a con- 
siderable amount of this kind of element. 


18.1.2 THrorETICAL DEVELOPMENT. The surface protection techniques 
now used represent an interesting blend of folklore origin, theoretical di- 
rection, and experimental justification on a satisfactorily large and repre- 
sentative scale. These techniques have resulted from experimental devel- 
opment beginning with observations on the behavior of unprotected n-p-n 
junction elements exposed to moisture. The behavior is generally described, 
qualitatively for illustrative purposes, in Fig. 18-1. If the volt-currelil 
characteristic of the element between its end terminals, under conditions 
of “clean” surface and dry ambient, is given by Curve ‘A, the addition of 
small amounts of moisture up to 10 per cent or 15 per cent relative humidity — 
results in a bodily displacement of the characteristic toward higher current, 
as in Curve B. The suggestion is strong that the condensation of moisture 
on the surface of the element results in an increase in the surface recom- 
bination velocity. Increasing the relative humidity of the environment 
above 30 per cent or 40 per cent, however, causes the characteristic to 
assume a more nearly ohmic behavior represented by Curve C. Here the 
suggestion is that a thicker layer of moisture, condensed on the surface of 
the element, is giving a shunting conductance bridging across the junction 
region. 





io 


A CHARACTERISTIC OF GOOD UNIT 
B POOR SURFACE LIFETIME 
C CONDUCTING SURFACE FILM 


Via, 18-1 Effect of moisture on dee characteristic of nepen junction transistor 
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I"iq, 18-2 Humidity effects on n-p-n junction transistor. The solid and dashed 
curves correspond to voltage applied in the two directions. 


I'ig, 18-2 shows the magnitude of the changes involved. An n-p-n junc- 
tion unit was etched and washed and then dried out in very dry air. After 
(his it was placed for half-hour intervals alternately in dry air and in air 
al different relative humidities. The variation of the current at --4.5 volts 
ilo was recorded against time. It will be noted that the change in current 


with humidity was quite rapid, very large (several hundred to one) be- 
(ween dry air and 50 per cent relative humidity, and almost reversible; that 
in, (he current returned nearly to the same value at each return to the dry 


wir, 

Nig. 18-3 gives another quantitative picture. This shows an average 
lwok dec resistance measured at 40 volts, Several units were given the 
‘wil chemical etch and wash, and were then immediately put in a dry 
hox, As a matter of convenience pen diodes were used instead of n-p-n 
niin since the important results are similar, ‘There is an initial period, 
lnwting up to two days, during which the chemically adsorbed water is re- 
moved or chemical reactions are taking place on the surface, Any humidity 
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Fic. 18-3 Effect of relative humidity on impedance of p-n diode. 


cycling during this period gives very erratic non-reversible results, and the 
presence of humidity apparently stimulates permanent chemical changes 
on the surface which are generally undesirable. After this initial period 
humidity cycling is possible giving fairly reversible results. 

From these last two figures it is clear that the humidity must be kept low 
unless severe degradation of junction impedance is to occur. It should also 
be obvious, in the light of these data, that it is essential that junction units — 
be given as good permanent protection as possible from moisture, and that 
the final fabrication steps be taken in dry air to avoid sealing moisture into 
the final capsulation. , 

More recent investigation of the nature of the effects of surface moisture 
on germanium transistor elements has led to some interesting developments, 
When moisture adsorbs onto a germanium surface, chemical reactions take 
place resulting in the formation of germanic acid and various hydrated 
forms of the oxides of germanium. Hydrogen ions from these reactions are 
believed to chemisorb onto the surface, producing a sheet of positive charge, 
The levels of the germanium just beneath the surface are thereby perturbed 
to the extent that the surface layers of the p-type base region are converted 
to n-type material, so that the base layer is bridged across by an n-type 
skin continuous with the emitter and collector n-type regions. According 
to this picture the moisture-induced surface conductivity takes place within 
the surface layers of the germanium rather than in an electrolytic film 
condensed outide the surface. These matters are given a more detailed 
treatment in Volume IT. 

The earlier capsulations used for junction transistors employed various 
molded plastics. There is, however, no plastic which is completely impe 
vious to the diffusion of moisture in quantities necessary to build up 
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monomolecular layer on an enclosed germanium surface within a few weeks 
or months in a sustained exposure to a high-humidity ambient. The 
gradual deterioration of such plastic-capsulated units in humid environ- 
ments has led to the development of the hermetically sealed glass and metal 
containers now used for all Western Electric junction triodes and for some 
point-contact units as well (see Chapter 21). 

Even with such containers, however, special precautions must be taken 
to prevent the sealing in of moisture at the time of closure. Moreover, 
even though the closure may be perfect, residual moisture outgassed within 
the container during the heating cycle of the soldering or welding used to 
effect the final closure may be sufficient to cause both immediate and 
gradual long-term degradation of the characteristics. What is needed, 
therefore, is some physical or chemical method of suppressing the effects 
of this residual moisture. The evolution of the various methods used to 
effect this suppression will be taken up later in this chapter. 


18.2 PRACTICAL PROCEDURES 


With the above background in the empirical and theoretical aspects of 
moisture protection and preservation of high surface lifetime we may now 
proceed to a description of some of the methods and means employed in 
the final surface treatment of semiconductor device elements. 


18.2.1 Dry Box TrecHNiqurs. One obvious method of avoiding some 
of the severest effects of moisture is to perform the final assembly opera- 
(ions in a controlled atmosphere of very low relative humidity. Such an 
atmosphere can easily be achieved in a dry box, and somewhat less easily 
in a humidity-controlled assembly room for larger scale production. 

ig. 18-4 is a photograph of a typical dry box. It consists of an en- 
vlosure in which the air is dried by contact with calcium chloride. Relative 


es sessment 


Via, 84 Operator using dry box, 
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humidity of the order of 1 per cent can be achieved and maintained in such 
boxes. An alternative method of drying the air in a dry box is to introduce 
it under slight pressure through a drying column, maintaining a flow which 
prevents the ingress of moist air through the cracks and working ports. 
Slitted rubber diaphragms in ports in the front panel permit an operator 
to reach into the box without much loss of dryness inside. Rubber gloves 
are used to prevent the evaporation of moisture from the hands. Such a 
box can be fitted with a binocular microscope to facilitate assembly opera- 
tions to be carried on inside. 

Dry box techniques are now used for almost all transistor operations 
subsequent to the final etching, washing, and drying, and prior to the 
capsulation of the completed device. The size, shape, and particular fea- 
tures of the dry boxes vary with the devices being processed and with the 
nature of the processes being carried out. Transistor elements and piece 
parts are stored between operations in storage dry boxes, and the transfer 
times during which the elements and piece parts are exposed to room air — 
prior to final capsulation are kept to a minimum. 


18.2.2 Prorecrion oF Pornt-ContTact CARTRIDGE TRANSISTORS. Pro- 
tection of the surfaces and contacts in point-contact transistors is achieved 
by filling the interior of the cartridge, after final assembly, with potting 
compound. This compound must be viscous enough at high temperatures 
not to leak out of the cartridge, yet sufficiently yielding not to be alto- © 
gether solid at low temperatures. It must be electrically insulating and 
must have such aging properties that it does not break down, carbonize, 
or yield mobile ions after months of use. 

Such a compound has been developed, consisting of a mixture of 714 per 
cent polyethylene and 92 per cent polyisobutylene with about 14 per cent 
of a commercial antioxidant resin. At ordinary temperatures this mixture 
resembles a very sticky gray-white grease, and it has therefore received the 
laboratory jargon designation “glimp” (gluey impregnant). 

Like all plastics studied, glimp permits the slow diffusion of moisture, — 
However, moisture attack is less damaging for point-contact transistors 
than for junction devices because the collector impedance is so much lower 
and the cutoff collector current J,. is so much higher. Glimp is a satise 
factory impregnant for point-contact transistors in ordinary environments, 
When such devices must sustain prolonged exposure to unusually severe 
humidities, hermetic capsulation is employed instead. Glimp filling of 
cartridge transistors has much to do with the mechanical shock resistaneé 
of these devices. 

Glimp filling is performed in a vessel in which the glimp is held at about 
110°C. The units are suspended in a rack just over the surface of the 
glimp. The vessel is evacuated and the glimp is outgassed for about an 
hour. During this time the units come to approximately the same . 
perature as the glimp. The units are then lowered into the glimp and 
vessel is slowly let down to atmospheric pressure. The glimp is thus foreer 
into the cartridges through the small filling ports, The temperature is th 
lowered enough for the glimp to become plastic, the units are removed an 
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cleaned, and the filling ports are covered by snug-fitting composition bands 
slipped over the outsides of the cartridges. 


18.2.3 Prorection oF JuNcYION TRANSISTORS. The evolution of sur- 
face protection measures for junction transistor elements has gone through 
a number of steps. One of the earliest was the “long-lifetime treatment” 
consisting of the cataphoretic deposition of antimony oxychloride onto the 
germanium surface. 

To administer this treatment one prepares a suspension of antimony 
oxychloride by stirring 1 gm of antimony trichloride into 1 liter of distilled 
water. The following reaction thereupon occurs: SbCl + H,0 — SbOCI 
++ 2HCl. The antimony oxychloride forms a suspension of negatively 
charged colloidal particles. The transistor elements, with their emitter 
and collector leads electrically connected to the positive side of a battery 
tre immersed in this suspension. Using a platinum counterelectrode con- 
nected to the positive side of the battery through a current-controlling 
rheostat, each element is subjected to a cataphoretic current of about 1 ma 
for about 1 min. Colloidal oxychloride particles are deposited in an in- 
visible coating which thereafter adheres to the surface. The unit is then 
washed and rinsed, first in distilled water, then in methyl alcohol, and 
finally in carbon tetrachloride. Following this treatment, the unit is coated 
With a layer of glimp and capsulated. 

Although this long-lifetime treatment is no longer used in junction device 
fabrication, it is of some historical interest in that it helped to lay the 
foundation for later protection methods. When the long-lifetime treat- 
ment was used on surfaces of germanium specimens prepared for positive 
hole lifetime measurements of the type described in Chapter 12, the meas- 
ured lifetimes were increased, often by orders of magnitude. When used 
ws described above for the protection of transistor elements, substantial de- 
creases in initial Z,, were obtained, and units so treated showed less respon- 
siveness to the deteriorating effects of moisture exposure. 

In the light of present knowledge of the physical and chemical nature of 
kermanium surfaces attacked by moisture, it seems likely that the nega- 
lively charged oxychloride particles to some extent countered or delayed 
(he formation of the surface p-type-to-n-type inversion layer by the accu- 
mulation of hydrogen ions on the surface. The physics behind the im- 
provement of minority-carrier lifetime is not understood. 

Later attempts to inhibit the accumulation of hydrogen ions led to the 
(lovelopment of the red lead glimp coating. In this protection method the 
kermanium element, after etching, rinsing, and thoroughly drying, was 
aoe with a mixture of glimp with fine-ground red lead in suspension. 

Vith a coating of this mixture adhering to the element, the final capsula- 
lion was then effected. ‘Test n-p-n bars protected in this way and exposed 
to various humidity environments without hermetic isolation showed sub- 
wlantially lower initial 7,5 values and greatly retarded moisture deteriora- 
(ion over units exposed bare in the same environments, 

The chemistry of red lead stabilization is believed to be in the redox 
hulfering afforded by this material, Red lead contains both bivalent and 
trivalent lead cations, In an environment such as that produced by a layer 
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of hydrogen ions on a germanium surface the bivalent lead is oxidized to 
trivalent lead and the hydrogen ions are neutralized. Similarly, in a highly 
reducing environment, the reduction of trivalent to bivalent ions would 
tend to neutralize the environment. The presence of red lead, therefore, 
is believed to hold the surface potential of the germanium in such a range 
that surface layers of inverted conductivity type do not readily form. 

Among its disadvantages, red lead glimp coating the element gives addi- 
tional mass loading and hence reduces the shock and vibration resistance 
of the unit. Furthermore, red lead glimp units show lower alphas than 
uncoated but otherwise identical units. These disadvantages, coupled with 
the additional drawback of the extra cost of the glimping operation, led to 
the eventual discarding of all surface coating protection of germanium units 
destined for hermetic capsulation, wherein the residual amounts of water 
vapor can be held to very small proportions by the use of good techniques. 

In present glass-and-metal capsulation techniques the piece parts are 
first vacuum-baked to outgas occluded moisture. .They are stored in glass 
vacuum bulbs until shortly before use. Final fabrication steps are carried 
out in dry boxes, and the sealing-off operations are performed at as low 
temperatures as possible to minimize further moisture outgassing inside the 
containers. Electric welding is preferred to soldering because even though 
the temperature is momentarily carried higher, there are no complications 
from flux vapors. 

In some n-p-n junction-unit types the container is filled with dry oxygen. 
This practice appears to result in about the same retarding effect on mois- 
ture aging as that afforded by the earlier red lead glimp coating. The oxy- 
gen is believed to retain in the neutral state any free hydrogen appearing 
as the result of chemical reaction inside the container. 

Experiments with various moisture-gettering materials inside the con- 
tainers have given promising results. One junction transistor code is being 
capsulated with no coating whatever on the junction element, but with a 
filling of glass beads. These beads, of diameters up to about 0.1 mm, are 
cleaned in acid and alkaline baths, washed, dried, and vacuum-baked prior 
to final assembly of the transistors. The transistor cans are provided with 
pumping tubulations which are pinched off after a final vacuum heating of 
the completely assembled transistors. 

Hermetic or vacuum capsulation of transistors was undertaken only with 
reluctance because it was felt that so doing represented a throwback in the 
art. The cost of hermetic packaging is not an inconsiderable part of the 
production cost. Moreover, as long as the need for hermetic sealing cons 
tinues, the possibilities for further miniaturization appear limited. Final 
surface treatment for transistor elements is still in the process of rapid 
evolution. It is almost certain that developments will continue. 
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Chapter 19 


CAPSULATION 


CAPSULATION is the process or means of providing a case or housing which 
serves the purpose of completely encasing an object. It may also serve to 
hold two or more parts together. In the usual sense, capsulation has the 
implication that the object is small in size and that the result of the process 
is in the form of a capsule or a complete package. Since transistors consist 
of assemblies of several small parts, the process of providing the housing 
which also holds these parts together has been here designated as capsula- 
(ion. 


19.1 OBJECTIVES OF CAPSULATION * 


‘There are two general objectives to be achieved by the capsulation of 
(ransistors. The first is to provide the mechanical means to hold the sev- 
oral parts of the transistor together. It is required that these parts be 
uwsembled in a housing which is a rigid, durable, and permanent structure 
wlording practical portability for the device in its subsequent use as a sepa- 
rate circuit element. ‘Practical’ implies that the structure be compatible 
With small circuit components, such as resistors, condensers, etc., capable 
of being handled and transported, and of being plugged in or soldered into 
vircuits without damage. It is further required that the structure provide 
(he mechanical stability of the parts at rest or in portability. For example, 
lor the point-contact types, the points must be permanently fixed as de- 
signed in their position, spacing, and pressure in relation to the germanium 
wurface. The external lead wires in both types of transistor should be 
locked into the structure, and any reasonable movement of them should 
not affect the internal arrangement of the parts. Finally, all the above 
requirements should also be met in the range of ambient temperatures en- 
vountered in use. This temperature range for some applications may be 
from =—40° to +-80°C, In addition, repeated temperature cycling over this 
range should not affect the mechanical stability of the parts. 

The second objective is that the capsulation provide mechanical and 


themical protection, Mechanical protection implies that the housing be a 
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ruggedized structure, sirong enough to withstand all the stresses and strains 
encountered in use. It should supply shockproofing at least as effective 
as is designed into other circuit components. Because of the small size 
of the transistor and its internal parts, the structure should provide greater 
shockproofing than caa, for example, be designed for the larger parts of 
vacuum tubes. For sone applications the structure should be able to with- 
stand shocks of 1000 ¢’s without either external or internal failure. The 
capsulation should alse provide resistance to vibration over a broad range 
of frequency. It should provide hermetic sealing against moisture and 
other environmental conditions. Moisture, as has been pointed out in 
Chapter 18, may be very injurious to the surface properties of the germa- 
nium and hence to the stability of the required transistor characteristics. 
This is especially the ease for the junction types where electrical leakage 
across the junction may completely change the junction characteristics. 
The structure should be unaffected by the usual chemical vapors encoun- 
tered in use—fumes from solder fluxes, etc. 


19.1.1 Tue RequiraMENts, AND Metruops or Mrerine Tuem. It is 
assumed that the capsulation will meet all the design objectives given in 
Chapter 11. First, it must allow the electrical requirements of a given unit 
design to be achieved without controlling or influencing these in any man- 
ner. For example, in the case of the junction types, where reverse im- 
pedances are required :o be of the order of 10 megohms or more, the resis- 
tivity of the capsulation material should be sufficiently large so that the 
shunt resistance of the structure between the leads will be many magni- 
tudes higher. Also, ary interjection of impurities of a chemical nature by 
the housing, which mght cause poisoning of the germanium surface or 
junction, will impair the electrical requirements. 

Second, the size and shape of the capsulation must be commensurate 
with the needs for mechanical stability and circuit geometry. Flexibility 
in external size and shape are assumed. Selection in external connections 
is also an assumption as, for example, the choice between the solder-in or 
plug-in type. Third, the capsulation must be reproducible and must not 
interfere with the reproducibility of the required electrical characteristics, 
Fourth, it is required that the capsulation provide a reliable structure under 
all conditions of use and with time. Finally, although this is not net« 
essarily an assumption associated with laboratory fabrication, it is rea 
sonable that the capsulation be simple and within economic possibility, 
Capsulation which requires a complicated procedure and long processing 
time is undesirable. Hence, the ease and adaptability of the capsulation 
to multiple assembly cre not to be neglected even in the initial stages of 
design considerations. 

In transistor fabrication two types of capsulation are presently employed, 
namely, mechanical and plastic. The mechanical type is the point-contact 
cartridge design which has been briefly described in Chapter 17, 
metal shell holds the parts of the unit together, and after vacuum impre 
nation with polyethylme polybutene compound the general objectives 
capsulation have been achieved, 
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Another type of capsulation is afforded by the molded plastic case used 
to house the M1818 phototransistor. In this device the p-n junction ele- 
ment, properly aligned with respect to certain reference lines of the mold 
structure, is immersed in liquid casting resin which, when it is cured, fur- 
nishes a hard protective shell surrounding the element. This shell, while it 
is not moisture-proof, is moisture-retardant, and it serves moreover to pre- 
vent the detachment of the lead wires from the ends of the junction bar 
during handling. The details of the capsulation operation for the M1818 
are to be taken up in Sec. 19-3. 

Fig. 19-1 is a photograph of some early developmental models of plastic- 
capsulated triode devices. The essential structures of most of these devices 
are now capsulated in hermetically sealed glass and metal containers, leav- 
ing the M1818 phototransistor (not shown) as the only device in current 
production still using the plastic capsulation. At the extreme right in Fig. 
19-1 is shown a cartridge type point-contact transistor. 





Examples of plastic and mechanical capsulation, approximately life 
size, 


Iia, 19-1 


1,2. HERMETIC CAPSULATION OF GROWN-JUNCTION 


TRANSISTORS * 


In this section will be described the processing involved in the airtight 
sealing of the n-p-n junction elements of grown-junction transistors in the 
tlass-and-metal cans currently used for capsulation. Protection of the sur- 
lnces of the germanium element from the access of atmospheric moisture 
iw the principal object of hermetic capsulation, as described in Chapter 18, 
wlong with the need for protecting the structure and its contacts from pos- 
wible damage by handling or other mechanical misuse, as pointed out above, 

At this stage the junction bar has been mounted by soldering its ends to 
(he emitter and collector lead pins of the stem assembly.. The bar has 
hoon etched, the base lead wire has been bonded, and the free end of the 
have load has been attached to the base lead pin of the stem assembly, 
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Fig. 19-2 Grown-junction transistor before hermetic capsulation. 


This arrangement is shown in Fig. 19-2, along with the steel can cover 
which is to be welded to the flange of the gold-plated Kovar stem assembly 
eyelet. As shown in the insert of this figure, the mating flange on the cover 
can has a narrow ridge bead running around its under surface. This bead 
is formed by coin-stamping of the piece part. The actual weld will occur 
between the lower surface of this bead and the upper surface of the eyelet 
flange. 

To perform the welding operation the stem assembly is placed in a jig 
which constitutes the lower jaw of the welding machine. One of the im- 
portant features of this jig is a heavy copper member on which the flange 
of the stem assembly eyelet is supported. This member has a hole to 
accommodate the three lead wires emerging from the under side of the 
stem assembly. The upper jaw of the welding machine is formed into an 
oval ring which presses down on the upper side of the flange of the cover 
can. Fig. 19-3 shows a section of the welding head arrangement with a 
transistor in place ready for closure. The welding head is enclosed in 
lucite dry box into which a slow flow of dry air or dry oxygen is maine 
tained. This box has provision for insertion of the operator’s hands, with 
rubber surgical gloves, through port locks in the front panel. ‘The current 
and duration of the welding impulse are controlled. 

It has long been realized that this method of closure releases into t 
interior a burst of vapor which is outgassed from the metal parts duri 
the short heating period incidental to welding, The amount of the out 
sing can be considerably reduced by vacuum-baking the cans and t 
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"ic. 19-3 Cross section of welding head arrangement with transistor in place. 










mounted transistor assemblies prior to final closure. Alternatively, the 
material released in the outgassing can be removed if the metal cans are 
provided with tubulations and if the units are vacuum-baked after the 
welding operation is finished. The tubulations are of thin-walled copper, 
about 146 inch o.d., brazed over holes in the middles of the tops of the 
cans. Following the vacuum-baking the units are back-filled with dry oxy- 
gen to atmospheric pressure, and the tubulations are pinched off. 

A problem of considerable current importance in hermetic sealing is the 
problem of leaking containers. The enclosed volume of a sealed transistor 
is so small that a leak or porosity of even atomic dimensions may result in 
1. damaging incursion of moisture in a short time. The inflow of only 104 
molecules of water per sec through such a leak will build up an internal 
partial pressure of about a micron in a year. If all these molecules were 
adsorbed onto the transistor surface, the condensation would correspond 
to about 0.01 of a monolayer, and theoretical speculations indicate that 
such a surface layer would be damaging. Prevention of leaks has led to a 
fairly complicated investigation of materials, piece-part fabrication, and 
processing techniques, with a complete solution not yet in sight. 

The practice of hermetic sealing is still in a state of rapid flux. It is 
therefore difficult to specify just what “current” practice consists of. 
Modifications are continually being made in the various operations de- 
scribed, and it will undoubtedly be some time before a completely shaken- 
down long-run process is evolved. 


19.3. PLASTIC CAPSULATION OF JUNCTION PHOTODEVICES * 


‘The purpose of this section is to describe the development of a plastic 
capsule for semiconductor photodiodes and to discuss the associated tool- 
ing. In the laboratory, these units as finally developed were made in suffi- 
cient numbers to give good statistical data. One type of unit will be used 
i“ an example, since the information presented concerning this one is ap- 
plicable to this general type of device, The dimensions and orientation of 
the interior subassembly (Fig. 19-4), called the “element’’ in the remainder 
of this section, were determined from the electrical and optical requirements 
of the device, 
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Prior to the development of this photodiode, capsulations in general 
served as enclosures whose primary function was the reliable protection of 
the element from various ambients without interfering with the carefully 
considered electrical properties of the device. Small size and ease of manu- 

ae facture were also factors in most cases, 
ai The requirements placed on the device 
l Tt | 


to be described made it necessary to 
8 
m 
wo 
8 
ie 


use the capsule as a vital part of the 
Lien Ue 


structure, because upon the capsule 
depends the precise mechanical location 
of that part of the element which is 
most sensitive to radiation. Excellent 
mechanical stability was needed to 
maintain this location under various 
Feds IDA Dinendione aad eens ambients. Small size was a necessity. 
tion of interior subassembly of a Any photo device capsule mu also 
typical photodiode. meet optical requirements which are 
not present in the usual transistor. 


19.3.1 RequirEMENTs. In addition to the electrical requirements of this 
device and those mechanical requirements which did not affect the capsule 
design to any great degree, there were several considerations by which the 
capsule design was governed. 

The dimension allowed for the capsule in a direction parallel to the leads, 
plus some room for lead orientation during mounting, totaled 14 inch maxi- 
mum. 

The line of maximum sensitivity of the junction element could be no~ 
more than .005 inch from the theoretically desirable line. This require- 
ment implied that all tolerances in the direction parallel to the length of 
the germanium bar (including those of the size and spacing, if any, of the 
mounting means) could total no more than .005 inch. This requirement 
was deemed necessary to insure that the location of the most sensitive por- 
tion of the element could be maintained with respect to some indexing or 
reference surface or surfaces for mounting the unit in equipment in which 
the optical system is precisely aligned with respect to the photocell mount, 

A tolerance of +.010 inch was allowed for location of the element in a 
direction perpendicular to both the length of the germanium bar and the 
length of the leads. 

Thickness of the capsule was fixed at .100 inch. The tolerance on this 
dimension could not be too large because of the occasional need for using 
several of these devices in a stack. A possible buildup of this tolerance in 
such a stack would destroy the accuracy of junction locations of succeeding 
units in increasing amounts in a direction parallel to the thickness of the 

units. Maintenance of such a tolerance required the capsule to be made 
by a process which would yield a sufficiently narrow distribution of this 
dimension, 

Dimensional stability during use under various ambient conditions waa 
also required, to maintain the dimensions of the capsule and, in particular, 
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the location of the line of maximum sensitivity of the transistor element 
with respect to the mounting means. These ambients included relative 
humidity from very near zero to about 100 per cent and several tempera- 
ture cycles from —55° to +65°C. 

Electrical characteristics could not be adversely affected by the materials 
used in the capsule. Further, the capsule had to serve as protection to the 
unit from the various ambients encountered. A good seal to the leads was 
necessary to fulfill this requirement. Optical transmission of the capsulat- 
ing material had to be high and reasonably flat over the range of wave- 
lengths to which the transistor element was responsive. This implied not 
not only the use of the proper material, but also a flat surface through 
which radiation could enter the capsule without dispersion within the cap- 
sule. This flat surface was thus necessary to give meaning to the accurate 
location of the line of maximum sensitivity of the transistor element. 


19.3.2 CHoicm or Mareriau. For the capsule material a molding plas- 
tic without filler was chosen, for several reasons. The clarity and good 
optical transmission characteristics of the available plastics were very suit- 
able. The possibility of sealing the transistor element from the various 
ambients it would encounter without subjecting the solder joints to a detri- 
mentally high temperature was very attractive. The small size, especially 
the small thickness, coupled with the tight tolerances, particularly on the 
location of the line of maximum sensitivity, made this type of material 
appear to be a good choice for relatively easy handling for quantity manu- 
facture of the device. 

The type of plastic chosen was a styrene casting resin in liquid form to 
Which a catalyst and surface hardener were added just before casting. 
Curing could be accomplished over a range of relatively low temperatures. 
Longer times were required for curing at lower temperatures but were still 
Within practical limits for manufacturing purposes. Several potential prob- 
lems were recognized when this type of material was considered, and these 
were investigated to determine the final choice. Shrinkage during casting 
could possibly cause motion of the element and destroy the accuracy of its 
location. It might also change the outside dimensions in an undesirable 
manner and give rise to a tolerance problem with respect to the mounting 
and indexing means. Since plastics of this type are not “rigid” or elastic 
in the same sense as metals, a problem was foreseen in obtaining a good 
means of indexing. 


19.3.8 CHorce or Form. The form chosen for the capsulated unit is 
shown in Fig. 19-5. Semicylindrical mounting pin cavities were chosen as 
(he means of indexing. Because of their simplicity, the low stress concen- 
(ration introduced by this form of indentation as compared with others, 
(he ease of manufacturing a mount for such a configuration, and the ease 
of tooling for manufacture of the capsule, semicylindrical index grooves 
wore deemed ideal, 

The capsule was coated with black lacquer on all surfaces except (1) the 
one flat surface through which radiation entered the capsule and (2) the 
somicylindrical mounting pin cavities, This coating was provided to pre- 
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Fig. 19-5 Dimensions and orientation of phototransistor capsule. 


vent response of the unit to stray radiation. To insure the fit of the unit 
as cast on standard mounting pins, the mounting pin cavities were not 
coated, and since the mounting pins would prevent entrance of light through 
the surfaces contacted by them, the lack of a coating on this surface offered 
no disadvantage. 


The over-all form was chosen on the basis of the following assumptions: 


(1) The orthogonal symmetry of this form would prevent movement of 
the element with respect to the capsule in either direction of sym- 
metry during casting, except in cases of accidentally applied forces, 

(2) Lead wire stiffness could be used to prevent motion of the element 
with respect to the capsule during casting in a direction parallel to 
the length of the leads. 

(3) A static head maintained during initial curing of the plastic would 
prevent excessive shrinkage of the capsule during capsulation in the 
two directions perpendicular to each other and to the length of leads, 


19.3.4 DrevELopMENT TrEsts AND Finat Design. A number of tests 
were made on various materials of the type chosen. Some were made as 
means of assuring the proper choice of the particular casting resin. Others 
were made to determine the validity of the assumptions made during the 
choice of a capsule form. These tests were used also to determine actual 
shrinkage for use in determining final mold dimensions and tolerances. 


Among the other tests made in the development of the final design were 
the following: 


(1) Check on various plastics under consideration for electrical resistance, 
optical transmission, moisture permeability, and adhesion to the 
lead wires of the element assembly. 

(2) Tests on various mold-release compounds. The agent finally chose 
was light mineral machine oil applied generously to the mold cayi 

surfaces and then lightly wiped off. 

Investigation of various protective coatings for the junction-bar el 

ment prior to the molding operation, ‘The ozokerite wax previou 

used was found to melt during the curing oven cycle, to flow o 
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the lead wires, and thus to prevent adhesion of the molding plastic. 
Ozokerite was therefore discarded, and a new plastic coat was de- 
veloped, consisting of a thin film of another plastic, applied by dip- 
ping in a dilute solution, drying, and curing. 

(4) Check on creep of the molding plastic during curing, which might 
result in displacement of the junction element beyond tolerance 
limits. The symmetrical placement of the element in the casting 
with respect to the aligning pin axes minimized these effects, and 
plastic creep in the final design presented no problem. 


At this point it had been determined by these development tests that a 
styrene plastic capsule appeared feasible for the requirements of dimen- 
sional tolerances, flatness of optical face, and electrical characteristics. 
Adherence to the leads appeared satisfactory. Plastic handling techniques 
had been developed. There still remained the questions of dimensional 
stability under various ambients and the distribution of fits of the capsule 
on mounting pins. 

A set of tools and the final mold were designed concurrently. The mold 
material was hardened steel with the mold cavity surfaces lapped to a 
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mirror finish. This was done to insure the required optical face and easy 
release of the capsule from the mold. ; 
The tooling (Fig. 19-6) consisted of a carrier, the mold, and two align- 
ment jigs (Figs. 19-7 and 19-8). In use, the junction element is placed in 
the carrier and the carrier placed, inturn, 
in the first alignment jig. Here the po- 
sition of the element in a direction par- 
allel to the length of the leads is adjusted 
with respect to a reference keyway in the 
carrier, and the leads are clamped. The 
carrier is transferred to the second align- 
ment jig and the position of the ele- 
ment in a direction perpendicular to 
both bar and leads is adjusted with 
respect to the reference surface of the 
carrier. The last adjustment is made 
with the carrier in place in the mold. 
The optical face of the mold cavity is 
replaced with an accurately located 2- 
mil slit through which a collimated light 
beam is passed. Electrical connections 
Fic. 19-7 First alignment jig. are made to the element leads and 
the position of the element is adjusted 
in a direction parallel to the length of the bar for a maximum response to 
the light. This adjustment places the line of maximum sensitivity of the 
element in its proper location with respect to the mold cavity. The light 








Tia, 19-8 Second alignment jig. 
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slit is then removed and the mold cavity part replaced. Electrical connec- 
tions are removed. Utmost care is exercised in all operations during and 
following the actual positioning of the element to prevent the accidental 
application of forces which might destroy the accuracy of the adjustments. 
Following these operations the mold is filled and the casting is cured. 


19.3.5 Frnau Txsts. All dimensions of the capsules produced from the 
final mold were checked with a toolmaker’s microscope and found to give 
good distributions. The non-rigid nature of the plastic material allowed a 
relatively wide dimensional tolerance between mounting pin cavities with- 
out a correspondingly wide distribution of pin fits. Symmetry maintained 
the location of the line of maximum sensitivity of the transistor element 
within the range of acceptable conditions of pin fit. 

To insure that a relatively tight pin fit would not disturb the unit elec- 
trically, 14-inch diameter pins were placed in the mounting pin cavities 
of a unit. Electrical connection was made to a test circuit and the pins 
were forced together with a clamp. No appreciable electrical change was 
noted. The pins had been sunk into the capsule for a distance far beyond 
any that would ever be imposed in use. In the same general way, a bend- 
ing moment was applied to a unit and the same negative results were ob- 
werved. 

‘To check the effects of humidity on the dimensional stability of the cap- 
sule, a number of units were divided into three groups. The first group 
was stored in room ambient, the second in a humidity chamber, the third 
in a dry box. Measurements were made on all these units with a tool- 
maker’s microscope, first before placing them in their respective ambients 
und then once a day thereafter. Dimensional changes were plotted. It 
was found that these changes, although they existed, were insignificant. 

Several units were temperature-cycled while mounted on standard 
mounting pins and measured, both electrically and mechanically. No detri- 
mental results were noted. 

‘This photodiode was also subjected to several vibration tests and con- 
wurrent electrical checks, and to a shock test. These gave no indication of 
oupsule failure of any sort. 


19.3.6 Conctusion. The unit chosen for discussion in this section is 
one that illustrates the successful handling of several problems unusual in 
the commonly encountered type of capsulation. Although the electrical 
requirements of the unit have been merely mentioned, it can be stated 
(hat the unit as finally capsulated gave excellent electrical results and dis- 
(vibutions, This unit is one which forcibly demonstrates the excellent 
loumibility of plastic capsulation of transistors which must meet many 
severe requirements, 
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Chapter 20 


ELECTRICAL PROCESSING 


Tue term “electrical processing’’ refers only to that part of the total fab- 
rication procedure in which electrical currents are used either to effect de- 
sired changes in the device parameters, or to stabilize these parameters in 
time. This definition includes the forming of point-contact transistors and 
the power pre-aging of all devices. In most instances electrical processing 
is the final step in the fabrication procedure. 

The simplest form of point-contact transistor collector is a metal-semi- 
conductor contact which has not been electrically pulsed in any way. Such 
a contact will be referred to as an ‘“‘unformed’’ point contact. The passage 
of a short pulse of reverse current through a suitable point contact will be 
referred to as the process of “forming.” A suitable size and shape of pulse 
may produce permanent changes in the electrical properties of the contact, 

Unformed point-contact transistors sometimes exhibit power gain, but 
generally they are not suitable as active devices because the gain, althou 
it may be highly variable from unit to unit, is usually very low. The el 
trical characteristics of an unformed point-contact collector depend up’ 
a metal-semiconductor contact at the semiconductor surface. Such co 
tacts are inherently unstable unless great care is taken to control the su 
face properties, the surrounding ambient, and the mechanical stability 
the point. The forming process modifies the electrical characteristics of 
the device in a way that increases power gain and stability. Often, poin 
contact transistors suitable for widely differing applications can be madé 
from the same basic structure by modifications of the forming techniq 
or objectives. 

Power pre-aging of point-contact and junction transistors often bring 
benefits which are felt in two ways. (1) Those units which are electrical 
unstable by virtue of an uncontrolled factor in processing may survive thy 
relatively short period of operation under power provided by final testi 
procedure. These units may be weeded out by a longer operation wn 
power. (2) Life test results for both junction and point-contact types in 
cate that substantial changes in electrical characteristics often occur wi 
relatively short periods of time subsequent to fabrication of the dey 
Often the rate of change is most rapid immediately after fabrication 
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becomes very much less within a short period of time. Power pre-aging 
often accelerates these initial changes, so that stable electrical characteris- 
tics may be quickly achieved. Such changes in electrical properties often 
result from interaction between the semiconductor surface and its environ- 
ment, or, as suspected in the point-contact transistor, from changes in the 
bulk germanium properties near the collector point. 

The first part of this chapter will consist of a short discussion of the 
physics of the point-contact transistor, followed by a general discussion of 
the factors pertinent to the forming of point-contact transistors, while the 
effects produced by power pre-aging of semiconductor devices are discussed 
in the latter sections of the chapter. 


20.1 GENERAL RELATIONSHIPS BETWEEN 
THE STRUCTURE AND THE PROPERTIES 
OF POINT-CONTACT TRANSISTORS 


20.1.1 PuystcaL Properties or A MeEraL-SEMICONDUCTOR CONTACT. 
The consideration by Bardeen (Ref. 1) * of the importance of surface states 
in rectification at a metal-semiconductor contact, and the subsequent dis- 
covery by Bardeen and Brattain (Ref. 2) of the point-contact transistor, 
have led to a substantial revision of the classical picture of the nature of 
the rectifying metal-semiconductor contact. According to Bardeen’s model, 
the nature of the space-charge layer at such a contact is to be considered 
lurgely independent of the metal used for contact and primarily dependent 
on the charge residing in localized states at the germanium surface, such 
alates acting as electron or hole traps. These states presumably lie in the 
forbidden energy gap of the semiconductor. Brattain and Bardeen (Ref. 3) 
have shown that the space-charge layer is dependent on the surrounding 
ambient, and indicated that charge may reside on the outer surface of a 
(ilm (presumably an oxide layer) at the germanium surface, as well as in 
surface states of the type mentioned above. Thus the surface charge dis- 
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tribution, which is balanced by a space-charge region, may include charges 
in several kinds of electron or hole traps. In any event, it is to be expected 
that the surface charge distribution primarily determines the nature of the 
potential barrier which exists at a metal-semiconductor junction. 

An electron energy diagram for the contact between a metal and an 
n-type semiconductor is shown in Fig. 20-1. According to the surface 
states theory, the degree to which the electronic energy bands bend up at 
the surface (and hence the rectifying properties of the contact) is deter- 
mined by the surface charge distribution. In turn, the surface charge dis- 
tribution is expected to be dependent upon such factors as the ambient at 
the germanium surface, and the physical and chemical history of the 
surface. 





/ PHOSPHOR-BRONZE 


BERYLLIUM-COPPER 
MITTER COLLECTOR 


Fig. 20-2 Model for point-contact transistor. 


20.1.2 Tue Pornt-Contact Transistor. Bardeen and Brattain (Rel 
2) first introduced the concept of minority carrier “injection” to interp 
the operation of the point-contact transistor. According to this theo 
(Ref. 4) the emitter point (see Fig. 20-2) serves to inject minority carrie 
into the body of the semiconductor when it is biased in the forward di 
tion. The collector, biased in the reverse direction, provides an elect 
field in such a direction that minority carriers, diffusing from the regi 
near the emitter point, are attracted towards the collector. Since the 
lector is biased in the reverse direction, it offers a high resistance to | 
flow of electrons from the metal into the semiconductor. However, the 
sistance offered to the flow of holes from the germanium into the collee 
contact islow. Since the electron mobility is greater than the hole mobility 
charge neutrality requires that the electron current at the collector, Jo», 
no larger than (1 + 6) times the hole current to the collector, Jo», whe 
b = pn/bp is the ratio of the electron to hole mobility (Ref. 5). The fas 
that alpha may be greater than unity can result from the space charge 
to holes as they approach the collector point (Ref. 4), 

Such a simple picture can account for many of the properties of 
point-contact transistor, However, values of the small-signal current 
tiplication (alpha) considerably in excess of the values predicted by 
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I'ia. 20-3 Variation of alpha with emitter current at constant collector voltage. 


theory are frequently observed under special circumstances. For example, 
see Fig. 20-3, which shows the dependence of alpha on emitter current for 
i point-contact transistor. A variety of models have been proposed to 
account for the values in excess of that predicted from simple theory, most 
notable of which are the ‘“‘trap” and p-n “hook” theories (Ref. 6) advanced 
by Shockley. Both of these models utilize the concept of an alpha which 
is the product of three terms, viz., a = a,8y, where @ is the minority car- 
rier transport efficiency, y is the emitter injection efficiency, and a; is the 
intrinsic alpha of the collector junction. For an n-type transistor, a; may 
he defined as the change in collector current per unit change in the hole 
vurrent reaching the collector. Both the trap and hook theories propose 
(he concept of a mobility ratio increase at certain levels of minority carrier 
vurrent density at the collector junction. The trap theory postulates a 
listribution of hole traps near the collector junction which effectively in- 
wreases the ratio of electron to hole mobility at low emitter current values, 
where the holes, on the average, are trapped for part of the time. At higher 
values of 7, the traps become saturated, and the mobility ratio approaches 
iis normal value, about 2.1 in n-type germanium (Ref. 7). At high cur- 
ronts the a; can be no larger than 3.1. The p-n hook model requires the 
wmumption of an n-p-n junction at the collector electrode. The thin p 
layer sandwiched between the two n layers acts as a potential well in which 
the holes become trapped, thus effectively increasing 6, the ratio of the 
electron mobility to the hole mobility (see Fig. 20-4). 

‘The properties of various kinds of point contacts are extremely variable. 
lt in therefore not likely that a single mechanism can account for the cur- 
rent multiplication of all point contacts, but more probable that several 
sich mechanisms as mentioned above may account for the variability, 
‘There are also reasons for believing that surface conditions are important 
in determining the a, of a point contact (Ref, 8), 
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Fig. 20-4 Geometry of the p-n hook. 


Our interest here is in the kind of stable point-contact collector which is 
produced by passage of the electrical forming pulse of the type described 
in Sec. 20.2. This will be referred to as a formed contact. 

Originally the p-n hook model appeared particularly attractive in ex» 
plaining the properties of a formed contact. It was observed that repro= 
ducibly high alpha could be obtained in an n-type transistor by formin 
the collector point only if substantial concentration of a donor element 
were present in the point wire (Ref. 9). This model was investigated b 
Valdes (Ref. 10), who found p-type germanium present under a heavi 
formed collector but could not confirm the presence of a smaller n-region 
which the model requires. 

The trap model was investigated by Sittner (Ref. 11) who postulated 
single hole-trapping level in the forbidden band and related the tempe 
ture dependence of alpha to the changing effectiveness of these traps wi 
variations in temperature. Neither. of these models alone, as origin 
proposed, appears to account for all of the observed phenomena: 

(a) The hook model requires the transfer of matter to account for t 
presence of the multiple junction structure. Thus it cannot account f 
the alpha characteristic of the p-type germanium point-contact transistor 
in which the collector is not electrically formed (Ref. 9), nor for the hi 
small-signal current gain recently observed in unformed n-type point-co 
tact transistors (Ref. 12). 

Evidence for a high collector impedance at low forward bias, also 
pected in a hook structure, has not been found in formed n-germant 
transistors. 

(b) On the basis of the trapping hypothesis, the minimum frequ 
cutoff should oceur for the maximum current gain, Such a minimu 
not observed in formed units, 


' 
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Measurements of the temperature dependence of alpha in the formed 
units below the —60°C value to which Sittner’s measurements extended 
(Ref. 11) indicate that the small-signal alpha at low emitter current in- 
creases through a maximum with decreasing temperature, finally decreas- 
ing with further decrease in temperature (Ref. 13). The theory of Sittner, 
which assumes that the equations derived by Shockley for a filamentary 
transistor can be applied to a point-contact, does not take into account 
consequences of changes in the current flow geometry as the temperature 
is lowered. Thus the interpretation of low-temperature data becomes quite 
difficult. 

A third mechanism accounting for high current gain is the conductivity 
modulation model proposed by Van Roosbroeck (Ref. 14). The model 
proposed utilizes the concept of a change in mobility ratio resulting from 
modulation by the hole current of the conductivity in a quasi-intrinsic 
region under the collector point. 

Other models have been proposed based on the existence of high fields 
near the collector point. Among these are a mechanism suggested by 
Kromer (Ref. 15), and the breakdown mechanism suggested by Shockley 
(Ref. 6). However, as noted by 
Shockley, high values of alpha 
ure observed at collector volt- -2 aos a ae a “2 i ° 
ages as low as a volt or two, with 
no tendency for an increase in 
alpha with increasing voltage. 





20.1.3 Tot INFLUENCE OF 
loRMING ON CuRRENT MULTIPLI- 
CATION. Bardeen and Pfann have 
(lescribed the effects of forming on 
n» and p-type transistors (Ref. 9). 
As noted in Sec. 20.1.1, the surface 
charge distribution on n-type ger- 
munium may result in a p-type 
inversion layer at the surface. As 
i) consequence, a point contact on 
(his surface exhibits some of the 
characteristics of a p-n junction. 
If the junction is biased in the 
forward direction (as an emitter) 
the current is carried chiefly by 
holes, resulting in a high emitter 
olliciency. If the junction is biased 
in the reverse direction (as a col- 
lector), the saturation current is 
low, resulting in a low collection efficiency, Such a combination would 
rowult in a low alpha system such as shown in Fig, 20-5, ‘This is the type 
of transistor characteristic observed for n-type point-contact transistors 
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Fia, 20-5 Pre-forming transistor charac- 
teristics. 
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on Superoxol-etched germanium before forming. Bardeen and Pfann’s 
interpretation of forming the collector on an n-type transistor is that the 
forming changes the height of the potential barrier at the germanium surface 
in such a direction as to increase the reverse collector current. This in- 
crease in collector current results in a focusing field which collects the 
emitter current more efficiently. The high 8 increases the current multi- 
plication, a,8y. Formed collector characteristics are shown in Fig. 20-6. 

The properties of a point contact on p-type germanium are not as well 

understood. However, it is generally true that poorer rectification is ob- 

tained than for n-type (Ref. 16). 

The emitter efficiency on p-type ger- 
° manium is low, while the collector 
saturation current is high. Thus 
the collector for a p-type point- 
contact transistor does not need to 
be formed although it is necessary 
to form the emitter. Generalizing, 
high alpha is obtained in point-con- 
tact transistors when the collector 
is a poor diode. The lowered diod@é 
resistance results in high J,, high 
transport efficiency, and high alpha, 
provided the emitter efficiency is 
high. To obtain these conditions 
one uses a collector material conta’ 
ing a-donor, and forms it to part 
destroy the rectifying properties 
the collector on n-type germani 
On the other hand, one uses 
emitter containing a donor 
forms it to improve its rectificati 
on p-type material. Since variati 
in the surface treatment of germanium can change the rectification pro 
ties of a point contact, this generalization can be confirmed experimental 
without resort to electrical forming. This experiment will be discussed 
See. 20.3.2. 

Pfann (Ref. 17), in an investigation of electrical forming, found that f 
n-type transistors it is essential to have a donor impurity present in 
collector point for efficient forming. He showed that the collector reve 
current after forming is related to the concentration of donor in the coll 
tor wire. The importance of a donor component in the collector wire 
further emphasized by Miller (Ref. 18), who found a dependence of ano 
lous negative resistance regions in the collector characteristics on the @ 
centration of donor in the collector wire. 

At least three types of negative resistance regions are found in the & 
tor characteristics of point-contact transistors, All of these are rela 
unique alpha characteristics. The occurrence of such characteristics 
all be attributable to variations in transport efficiency which depend 
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Fre. 20-6 Collector characteristics of 
a formed transistor. 
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the effectiveness of forming and the geometrical properties of individual 
transistors. 

Other small- and large-signal parameters such as base resistance (75), 
collector impedance (r,), frequency cutoff of alpha (f.2), and average alpha 
(all of which depend, to some extent, on the properties of the material) 
may be shown to be significantly affected by forming. Each of these 
parameters will be treated in detail in Sec. 20.3.1. 


In summarizing this section, the following statements may be made. 

Although the rectifying junction in the formed contact is not at the 
semiconductor surface, its properties can be qualitatively understood in 
terms of the original theory of Bardeen and Brattain (Ref. 4) if suitable 
modifications are made. 

However, at this time there is no generally acceptable theory to account 
for the alpha values in excess of those predicted by the original theory 
usually observed at low emitter currents. 

From this brief review of the knowledge available concerning properties 
of point contacts, it is clear that a complete design theory for point-contact 
transistors is not available. This probably is a result of the more general 
interest in the readily designable junction transistor types. However, the 
body of empirical knowledge of point-contact transistor design and opera- 
tion is large enough to allow for a reasonable degree of designability. 


20.2. FORMING TECHNIQUES AND OBJECTIVES 
20.2.1 Forminec Procrepurges. In general, point-contact diodes are 
formed to improve the rectification efficiency. The usual interpretation 
wsumes the formation or enlargement of a layer of opposite conductivity 
(ype on the surface of the semiconductor. Point-contact germanium recti- 
liors are formed by the passage of an alternating current of large magni- 
(ude (Ref. 19). On the other hand, transistor collectors are formed to im- 
prove the collection efficiency—in fact, to degrade the rectification of the 
wontact, Although the objectives are different, the electrical techniques 
ure similar, The different results are achieved by controlling the type of 
impurity in the contact point as discussed in Sec. 20.1.3. Bardeen and 
ISvattain (Ref. 4) first described forming of germanium point-contact tran- 
sintors with large currents, and later Bardeen and Pfann (Ref. 9) discussed 
forming with pulses of direct current for periods of seconds or less. 

‘lhe most widely used technique has been the utilization of a condenser 
ilincharge to produce a pulse of reverse current through the collector point. 
Much a circuit is shown in Fig. 20-7. The condenser is charged with a 
sipply of several hundred volts, and subsequently discharged through a 
tonintor, A, in series with the transistor collector, 

The reverse characteristic of the point contact before forming, the cur- 
rent density during the forming pulse, and the time constant for the con- 
donner discharge are all important in determining the effectiveness of form- 
ing, Tf one makes the power-supply voltage variable from approximately 
100 to 1000 volts, the condenser capacity variable in atepa from 0,05 to 
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Fig. 20-7 Basic forming circuit. 


0.25 microfarad, and R, variable from 0 to 1000 ohms, adequate ranges of 
current density and time constant are available for most transistor form- 
ing. The function of R, in the circuit is to limit the condenser charging 
current. Its magnitude is not too important but should be low enough to 
allow the condenser to be recharged in the minimum interval desired be- 
tween pulses. = 
The object of forming is to impart desired electrical characteristics to — 
the transistor. Physically these objectives may be achieved rather well by 
the circuit of Fig. 20-7 through the application of a reverse voltage which 
is considerably higher than the probable thermal breakdown voltage (Ref, 
20) of the point rectifiers. At or beyond this voltage the current is pri- 
marily limited by R;. The temperature reached during this period appar- 
ently results in a significant amount of impurity diffusion. Valdes (Ref, 
10) has detected the presence of copper in the germanium under a formed 
point by radioactive tracer techniques. In view of the significance of the 
presence of donor elements in the point wire, it is assumed that the diffu- 
sion of donor atoms also can occur. Because the forming pulse is a heati 
cycle followed by a rapid quench, it is not unlikely that thermal acceptot 
also are present in the formed region. The presence of such acceptors 
n-type germanium has been reported by Logan (Ref. 21). j 
Fig. 20-8(a) shows the time dependence of the collector voltage during 
typical condenser discharge pulse. 
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ia, 20-8 ‘Time dependence during forming of (a) voltage and (b) current, 
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The envelope of the voltage pulse follows roughly an exponential decay 
of a condenser-resistor series combination. However, inspection shows that 
during the discharge time, the resistance of the combination undergoes a 
succession of breakdown and recovery intervals. In Fig. 20-8(b) is the 
accompanying plot of current against time. Comparison of these two 
plots shows that following the application of the voltage,* the resistance 
of the contact decreases until a rather sudden more rapid decrease in re- 
sistance occurs, taking place at time t,. In view of this time scale, the 
first decrease can be attributed to a heating of the contact, a form of ther- 
mal breakdown at the metal-semiconductor surface (Ref. 20). Many rea- 
sons might be invoked for the second more rapid decrease in resistance, 
any of which must account for the short time (a few microseconds) in which 
this change occurs. In any event, following the advent of the second 
“breakdown,” a recovery begins, with the collector resistance returning to 
a value nearer its original value. This sequence of events is roughly re- 
peated until the condenser is discharged, as shown in Fig. 20-8(a). 
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Fig. 20-9 One-shot forming. 


The properties of the contact at nominal reverse voltages and currents 
ure usually changed as soon as one such condenser discharge pulse has oc- 
curred, and often one such pulse, constituting only a single “breakdown,” 
is sufficient to reach the forming objective. An example of one-shot form- 
ing is shown in Fig. 20-9. This pulse “formed” the contact to an J,(1.5, —5) 
of 4.5 ma. However, even after a unit has been formed to such an objec- 
tive, a subsequent similar voltage pulse has a shape much like the one 
shown in Fig. 20-8. 

The presence of the donor in the point wire has no gross observable effect 
on the shape of forming pulse observed. This can be verified by comparing 
pulse shapes like those shown in Fig. 20-8, which were obtained using a 
phosphor bronze point, with the pulse shapes recorded when a beryllium 
copper point is used. 

Since the initial diode characteristic and its breakdown properties are 
important in determining the shape of the forming pulse, one might expect 
considerable variation in the shape and effectiveness of the forming pulse 
if variations oecur in the surface preparation. This subject is discussed 
further in See, 20.3.2. The above pulse shapes were observed on uniform 
Muperoxol-etched surfaces, 


* An initial oupacitance spike in ‘also observed, but ia not shown in the figure, 
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The great variety of forming techniques used in forming point-contact 
transistors has resulted from many empirical attempts to adjust maximum 
voltage, instantaneous power, and time constant to obtain optimum results. 
Controlled pulse shapes have also been used to form transistors with some 
success. However, indications are that if the surface properties of the ger- 
manium are well controlled, and the point structure is mechanically stable, 
condenser discharge forming techniques are adequate for most applications. 


20.2.2 ForminG OpsectiIves. The application and circuit requirements 
determine, to a considerable extent, the transistor forming objectives. 
There are, however, certain common requirements that all point-contact 
transistors must meet: 

(a) The unit is formed so that the average alpha, a, is roughly 2 or more. 
The collector current at a relatively high emitter current and a low collec- 
tor voltage is usually an approximate measure of this value. For example, 
I.(6, —5) where J, is the collector current which results from 6 ma emitter 
current and 5 volts collector voltage, is a measure of @. 

(b) The collector current with no emitter current flowing, Jo, should be 
commensurate with the first objectives. 

Since forming is carried out in such a manner as to degrade the resistance 
of the collector junction, as discussed in Sec. 20.1.3, it is necessary to strike 
a compromise between a high alpha and a low reverse saturation current. 
The usual technique on forming is to form, test, and if necessary, re-form 
until the average alpha objective is reached. Progressively higher energy 
pulses are necessary, presumably because the junction moves progressively 
farther into the semiconductor bulk. 

Most circuit requirements for switching and transmission applications 
can be related to parameters defined by the collector characteristic family. 
The variety of forming objectives which are used result from the selection 
of the parameter which it is most important to control. However, many 
of these parameters are interdependent. The collector output resistance 
(Roz), for example, is related to the saturation current, and the saturation 
voltage V,(1, —2) (collector voltage necessary to obtain 2 ma collector 
current with 1 ma emitter current) is directly related to average alpha. 

Certain parameters are dependent on the bulk properties of the semicon=— 
ductor, and forming merely changes the range of values obtained. The 
small-signal base resistance, R12, for example, is dependent on the resistivity 
of the semiconductor and the effective emitter-to-collector point spacing 
(Refs. 22 and 23). Finally there are specialized forming objectives such 
as frequency cutoff of alpha, fea. If fea is used as a forming objective, it is 
usually tested after each forming pulse. Certain switching transistors aré 
formed to a desired input characteristic. This procedure is found to be 
more convenient than attempting to evaluate the input characteristic on 
the basis of the parameters it will depend on, such as base resistance, {t= 
quency response, and current multiplication. 

The forming procedure used for the Bell Telephone Laboratories 
velopment Model 1729 point-contact transistor can be used to illustrate 
typical condenser discharge forming technique, The 1729 transistor is 
medium-frequency transistor which is formed to frequency cutoff limi 
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3mecto9me. In this procedure C and R, are held constant at 0.05 micro- 
farad and 100 ohms respectively (Fig. 20-7). For the first pulse V is set at 
—400 volts and S is closed allowing C to discharge through the transistor 
collector. This pulse is usually sufficient to cause the transistor to be 
formed in the sense that the transistor displays some current gain. At this 
point the alpha, and the frequency response of alpha, are checked. If 
2.0 < a < 3.0 and fig < 9.0 me, the transistor is considered formed. If 
a < 2.0 and/or fra < 3.0, V is raised to —500 volts and the transistor is 
formed again. This procedure is repeated, raising V in increments of 100 
volts until the transistor is formed or I,(0, —20) > 3.5 ma. In the latter 
case the transistor is considered overformed and beyond recovery. An aver- 
age of two to three forming pulses is usually required in a well-controlled 
process. This procedure has the advantage that increased forming energy 
is obtained without changing the forming-pulse time constant, an important 
variable which is discussed in Sec. 20.3.1. Some advantages may be 
achieved by variations on this forming technique; however, these are of 
secondary importance to the factors discussed in Sec. 20.3. 


20.3 FACTORS AFFECTING ELECTRICAL FORMING * 


20.3.1 Butk Marertau Properties. The carrier transport in a point- 
contact transistor was demonstrated by Shive to be a bulk phenomenon 
(Ref. 24). Thus careful consideration must be given the bulk properties 
of the semiconductor. The composition of the small region immediately 
under the collector point, usually termed the formed region, is especially 
important. Fig. 20-10 is a schematic representation of a formed point con- 
tact on a semi-infinite block of n-germanium (resistivity p), with a hemi- 
spherical p layer (radius ~ r,) and electron and hole concentrations n» and 
p. When the point is biased to V, in the reverse direction, the potential 
difference V,, — V,, = V; results from the resistance of the p-n junction 
ut ro. Thus, for r > re, the potential V(r) and the magnitude of the field 
I(r) are 


pl pl 
VY=—, = ——- 
2xrr 2Qrr 
“A more detailed and complete discussion of this subject, including some of this 


material and more recent work, is given in ‘The Effect of Surface Treatments on Point- 
Contact Transistor Characteristics” by J. H. Forster and L. E. Miller, Bell System Tech. 
/, Vol, 85 (July 1956) pp. 767-812. The abstract of that paper follows: 

“A description is given of the electrical properties of formed point contacts on ger- 
iunium, A useful technique for observation of the equipotentials surrounding such 
wontacts is described. The contrasting properties of donor-free and donor-doped con- 
(nots, used as diodes or transistor collectors, are emphasized. 

"It is shown that unformed point contacts (which have electrical properties largely 
otermined by a surface barrier layer), may exhibit analogous differences. Such changes 
wre produced by chemical treatments calculated to influence properties of a soluble 
gormanium oxide film on the surface, Fj 

“The above information is applied to a study of transistor forming as it is done in 
—— point-contact transistor processing, It is shown that high yields from the 
orming proces can be expected on oxidived surfaces, and that ohemioal washes which 
remove soluble germanium oxide drastioally lower forming ylelda, ‘These and other 
offoota are evaluated as ources of variability in forming yleld," 
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contact transistors, a variety of ‘anomalies’ (Ref. 18) in the alpha charac- 
teristics, which manifest themselves as negative resistance regions in the 
collector characteristics, result from variations of this structure which occur 
during forming. 

These anomalies, when observed on a conventional transistor output 
characteristic sweeper (Ref. 25), can be classified into three general types. 
The first of these is representative of underforming. The term “under- 
formed” includes those units which exhibit a low drift field such as is rep- 
resented by the solid curve of Fig. 20-10(b). Since this drift field is de- 
pendent on the relative concentration of electrons in the p layer, occasions 
may arise when even the most heavily formed (in terms of forming pulse 
energy) collector may exhibit underformed characteristics. Transistors of 
this type invariably have a low saturation current and a low transport 
efficiency at low values of emitter current. This results in a low alpha—see 
Fig. 20-11(a)—which, as J, is increased, remains low until a rather critical 
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Fig. 20-10 Formed point contact under reverse bias. 
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where J is the current through the point. For |V. — Vr,|&«|Vs|, Vie & 
V. — V;and the magnitude of the field H(r) for r > rz is determined by the 
junction resistance. If 7», the lifetime of electrons in the p layer, is sub- 
stantially lower than rp, that of holes in the n-germanium bulk, then the 
reverse current density across the junction can probably be substantially 
increased by any increase in np, and the junction resistance lowered. 

Pfann (Ref. 17) reports a substantial increase in reverse current of 
formed point contacts with donor concentration of the point wire. Such 
an increase might be ascribed to an increase in n, near the junction with 
increased donor concentration in the p layer. 

Whatever the reason for the decrease in resistance of the collector barrier, 
if it is sufficient, the magnitude of the field (r) for r > rg will be increased 
to sufficient value to ensure efficient collection of holes, and theory allows 
current multiplication values @ = B(1 + 6) for n-germanium, In point= 
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value of AI, = I; — Ico is reached. At the value of J, corresponding 
roughly to this AZ’., a large change in a is observed, as indicated by a 
“discontinuity” in the small-signal alpha characteristic. At high values of 
I, alpha levels off to a value <(1 + 6). Since the negative resistance region 
appears to be related to the changing transport factor and to the AZ, at 
the collector, it is apparent that it will occur at different values of emitter 
current for changing collector voltage. This behavior is shown in Fig. 
20-11(a). When the collector voltage (and J.) is increased, as indicated 
by the sequence of curves 1 through 4, it is evident that the limiting func- 
tion a(I,) at high collector voltage is similar to that observed in a well 
formed unit (see Fig. 20-3). Fig. 20-11(b) shows the collector characteristic 
family for the transistor with the alpha curves of Fig. 20-11(a) and the 
negative resistance regions which characterize this type of alpha anomaly. 

Miller (Ref. 18) has reported an increased incidence of this type of 
anomaly with decreasing donor concentration in the collector wire. This 
relationship is shown in Fig. 20-12. The figure indicates also that low 
saturation current is always associated with this type of phenomenon and 
lends weight to its designation as an underformed condition. 

It is possible that the incidence of this kind of anomaly even in heavily 
formed transistors may be accounted for on the basis of relative donor- 
acceptor concentration in the formed layer. For instance, if the geometry 
and thermal time constants favor acceptor diffusion, subsequent pulsing of 
a heavily formed unit with high J,, may increase the relative concentration 
of acceptors in the p layer, and lower the Zo. If the Ico is lowered suffi- 
ciently, the resulting decrease in drift field may introduce a Type 1 anomaly, 

Table 20-1 shows evidence not only for the dependence of J,. and inci- 
dence of anomalies on the donor concentration in the collector wire but 
also on the RC time constant of the forming pulse. This pulse length con- 
trols to a certain extent the instantaneous power dissipated and as a result 
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TABLE 20-1 EFFECT OF COLLECTOR POINT IMPURITY AND 
FORMING TIME CONSTANT ON TRANSISTOR PARAMETERS 





0.10% Phosphorus 
Phosphor Bronze 
Collector Point 


0.90% Phosphorus 
Phosphor Bronze 
Collector Point 


Parameter 





Forming time. constant 250 Micro-| 5 Micro- | 250 Micro-| 5 Micro- 








seconds seconds seconds seconds 
T,(0, —10) aver. 25 0.72 ma 1.00 ma 0.82 ma 1.10 ma 
Percentage of units containing 
high alpha anomalies 42 8 33 0 





the conditions for impurity diffusion from this point. Since the expected 
rates of diffusion for acceptors and donors are quite different (Ref. 26), it 
is indicated that it is possible to optimize the forming pulse to favor the 
diffusion of either acceptors or donors. 

The second class of alpha anomaly is shown in Fig. 20-13. In order to 
understand the nature of this phenomenon it is necessary to consider the 
possible mechanisms of minority-carrier transport from emitter to collector. 
In the presence of substantial electron current at the collector point, it 
is expected that holes drift in the electric field near the collector. How- 
over, near the emitter point the collector field is considerably lower. Con- 
wequently, it is expected that hole transport is primarily diffusive in the 
region near the emitter point. This region will be referred to as a diffusive 
region. As the collector current is varied the size of the diffusive region 
may be changed significantly. 

Thus the anomaly shown in Fig. 20-13(a) may be attributed to variation 
in the size of the diffusive region (Ref. 18). 

I'ig. 20-13(b) illustrates the negative resistance regions in the collector 
characteristics which correspond to the alpha anomalies shown in Fig. 
ee The relationship between the two can be illustrated briefly as 
OHOWS? 

The collector current at any point can be represented as I, = I,.(V.) — 
a/, (Ref. 22), where J,. represents saturation current and @ the average 
alpha which may be defined as 


1 fle 
a7 i a(I,)dl, 


Graphically & represents the area under any one alpha curve shown in Fig. 
20-13(a). Since the secondary alpha peaks shown in Mig. 20-13(a) move 
to high 7, with increasing V,, if one holds 7, constant, as is done in examin- 
ing the collector characteristic, there will be a collector voltage at which @ 
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Fic. 20-138 Type 2 anomaly. 


sharply decreases. For low values of collector voltage and large values of 
emitter current, the collector current may be written 


I, = —al, 


The sharp drop in collector current shown in Fig. 20-13(b) results. 

The occurrence of this type of negative resistance region cannot be elimi- 
nated by continued forming as in the case with the first type. It usually 
occurs in “well-formed” units which display a low saturation voltage, 
V.(1, —2) for example. However, its relationship to forming and the cole 
lector drift field is demonstrated by the more frequent observation of this 
type of negative resistance characteristic in transistors fabricated with 
antimony-doped collector points. Since the diffusion coefficient of anti« 
mony is almost an order of magnitude higher than that of phospho 
(Ref. 26), one might expect a different impurity distribution in the form 
region and a consequent difference in the collector drift field, 

The third kind of negative resistance region is shown in Fig, 20-14, Su 
an anomaly may be removed from the output characteristic by inereasi 
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Fig. 20-14 Type 3 anomaly. 


the emitter-to-collector spacing for a given forming schedule, or by forming 
to a lower J;, for a given point spacing. This observation suggests that an 
excessively high collector field near the emitter is responsible for the anoma- 
lous output characteristic. The occurrence of the anomaly at successively 
lower values of V, as J, is increased also bears out this dependence on col- 
lector field. Finally, a unit of this kind shows an excessively high base re- 
sistance in the region of voltages approaching and beyond the values at 
which the anomaly occurs. Thus such a unit might be termed, in a sense 

“overformed.”” 

Frequency cutoff is often an overriding consideration in the forming of 
point-contact transistors. The usual technique is to use close point spacing 
und to form until the desired frequency cutoff is reached. The effect of such 
forming has been found to increase the collector drift field to such a degree 
that the extent of the diffusive region near the emitter is substantially re- 
duced. Thus the minority carrier transport from emitter to collector is 
primarily a drift mechanism, and the dispersion in transit times is small. 
Ilowever, the upper limit on frequency response is not determined solely 
hy the collector field and point spacing. Continued increase in the collector 
field can lead to the occurrence of the third type of negative resistance 
region, with its characteristically high base resistance. 

Although the frequency response does increase with field beyond this 
point, the device loses its usefulness as an amplifier because of the high 
loodback resulting from the increased base resistance. Certain types of 
high-speed switching transistor utilize both the high base resistance and 
(he high frequency response of the transistor in this type of negative re- 
sistance region to achieve faster switching between the saturation current 
lo saturation voltage conditions as noted in See. 20,2.2, 

‘The equivalent base resistance, rp, is the parameter which is most closely 
related to the semiconductor properties before forming. Tt is also altered 
hy forming, presumably because of a change in effective point spacing, 































418 PRINCIPLES OF DEVICE FABRICATION 


This was shown by Valdes (Ref. 23), who derived the expression 


ay) 
ae 2rS W 


where S is point spacing and W is wafer thickness. The term F (S / W) isa 
function which approaches 1 as S/W decreases. This expression is in good 
agreement with the measured values. ; ; 

In general the relationship between the semiconductor bulk properties 
and point-contact transistor device parameters serves only to provide very 
broad design limits. The upper limit on resistivity (4-8 ohm-cm) is deter- 
mined by the requirements on thermal stability and ohmic base resistance, 
whereas the lower limit (0.5-1.0 ohm-cm) is determined by the maximum — 
tolerable I,9. Single-crystal germanium with resistivity in this range and 
minority carrier lifetime greater than a few microseconds, has been found 
adequate for most point-contact fabrication. However, attention must be 
paid to the forming considerations to follow. 


20.3.2 Errecrt oF THE SuRFACE PROPERTIES ON ForMING. _ The tech- 
nology of producing germanium with high lifetime and close resistivity tol- 
erances is well enough developed (Ref. 27) to ensure the availability of ma- 
terial satisfying the relatively wide design limits discussed in See. 20.3.1. 
The extreme variations in forming yield often obtained in point-contact 
transistor production processes usually cannot be attributed to variations 
in germanium bulk properties or to variations in the collector wire composi= 
tion. Poor forming yields are most often manifest as a difficulty in attain- 
ing the objective of high average alpha. In the case of high-frequency 
units, difficulty may also be encountered in attaining high-frequency re- 
sponse without increasing the saturation current prohibitively. 

According to the model outlined in Sec. 20.2.1, forming effects result 
from the diffusion of impurities from the point into the semiconductor 
during the forming pulse. Since the high temperature required for such 
diffusion results from the power dissipated at the metal-to-semiconductor 
contact, more efficient forming results on surfaces which display very low 
initial saturation currents. On surfaces which produce a poor rectification, 
the local energy of the forming pulse may be dissipated too far out into the 
bulk of the semiconductor. This situation results in inefficient forming, 








V IN VOLTS 


° 
o 





° 100 200 300 400 500 
TIME; t, IN MICROSECONDS 


Fig. 20-15 Time dependence of voltage during forming (high pre-forming reve 
current), 
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A comparison of the voltage which appears across the collector during a 
forming pulse for low and high saturation current (pre-forming) conditions 
can be made by comparing Fig. 20-8(a) with Fig. 20-15. 

In general, a germanium surface which is moderately well oxidized, like 
a Superoxol-etched surface, produces a diode with low saturation current 
and high forward current. If the same surface is treated with a soluble 
germanium oxide solvent such as hydrofluoric acid or potassium hydroxide, 
the rectification of the unformed diode is greatly reduced. These effects 
are summarized in Table 20-2. 


TABLE 20-2 GERMANIUM DIODE CHARACTERISTICS AS A 
FUNCTION OF SURFACE TREATMENT 


8 











n-Type p-Type 
Etch Treatment 
I fwd. I rev. I fwd. I rev. 
(0.5 volts) | (—10 volts) | (—2.0 volts) | (+10 volts) 

Superoxol etch (1 part 

HF, 1 part H2O», 4 

parts H,O) 1.5 ma —0.02 ma —2.3 ma +0.6 ma 
| Min in 45% HF 0.5 —0.50 —1.4 +2.0 
| Min in 830% H2O2 1.6 —0.01 —2.5 +1.9 


a tt 


The general relationships developed in this section allow one to use the 
pre-formed point diode characteristics to predict the “formability” of ger- 
manium surfaces. Fig. 20-16 illustrates the accuracy of such a prediction. 
In this experiment the variation of reverse current was achieved by hold- 
ing the concentration of a potassium hydroxide etch solution constant and 
increasing the current density used to electroetch each group of samples. 
‘The reverse currents obtained decrease with increasing current density used 
inetching. The figure of merit used for Fig. 20-16 was selected to emphasize 
\he importance of both generalized forming objectives discussed in Sec. 
20,2.2. 

"ig, 20-17 shows the results to be expected if a variation in the germa- 
ium surface preparation is inadvertently introduced in the transistor fab- 
rication procedure, It represents a continuous process control chart of a 
\ransistor pilot production line, Each point represents the average of 
wumples selected from a larger group and formed at intermediate stages of 
(he process. It is evident from this chart that the manipulator units which 
were formed immediately after etching are considerably better than the 
remainder, ‘The significant factor in this process which caused the degra- 

(lation was the point attachment operation which involved a soldering pro- 
vedure, ‘The combination of corrosive flux and heat from the soldering 
operation resulted in a significant change in the germanium surface proper 
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Fig. 20-16 Relation between “formability” and pre-forming characteristics. 


ties and transistor forming yield. Table 20-3 represents the results of 
experiment with micromanipulator transistors similar in structure to th 
in Fig. 20-17. The surface treatments were selected to reproduce con 
tions of fabrication of the “units” of Fig. 20-17. This table confirms 

conclusion drawn from Fig. 20-17 that the degradation is due to the action 


TABLE 20-3 EFFECT OF CORROSIVE FLUX ON 
TRANSISTOR “FORMABILITY” 














Average Number Figure of Merit 


Surface Treatment of Pulses to Form | J,(6, —5)/Z.(0, —20) 





None 

Surface wet with flux and dried 

Surface wet with flux and heated to 
200°C 
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Process control chart. 


of solder flux. The slight difference in average alpha between the “header 
units” and “completed units” is probably attributable to the presence of 
(he impregnant which probably has some effect on the germanium surface 
und on the thermal properties of the collector contact during forming. 


20.4. PRE-AGING SEMICONDUCTOR DEVICES 


20.4.1 GENERAL CONSIDERATIONS. Pre-aging of semiconductor devices 
should be distinguished from accelerated life tests. The former is a manu- 
lncturing process which may often eliminate those devices which are in- 
herently unstable and stabilize the parameters of the remainder. Accel- 
wrated life tests, on the other hand, are used in evaluation of the reliability 
. Peckeat! of the device operation under various conditions of use in 

w Held, 

In the past, power pre-aging has been more widely used in transistor 
processes than has been absolutely necessary. The facilities for power pre- 
auing large numbers of devices involve a considerable expense, which in 
oat instances could be replaced by one or a combination of several more 
monomical procedures. Power pre-aging proves its utility in specific de- 
vices in which the combination of a high junction temperature and an ap- 
plied voltage, or bias alone, causes parametric changes, In all other cases 
the pre-aging process may be tailored to the individual device, 


20.4.2 Pre-aaina Pornr Contacts, After forming, the point-contact 


transistor parameters undergo changes, Such changes may result from a 
Humber of causes, 
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(1) Since forming almost completely determines the device parameters, 
a motion of the collector point with respect to the formed area can be quite 
detrimental to the collector characteristics. Although power pre-aging 
may tend to stabilize any such motion, a more direct method is to cycle 


the device through extremes in temperature to relieve any residual struc- 
tural stresses. 


(2) Point-contact transistors do exhibit gradual changes in saturation 
current and in the dependent R, and V, during the first few hours after 
forming. Since these parameters approach asymptotic values in a short 
time, power pre-aging is used to achieve the final values uniformly. Such — 
trends, however, occur even in units which are not power pre-aged, as is — 
shown in Table 20-4. The rate of change of saturation current with power 
is more rapid for more heavily formed units. These changes suggest an 
annealing-out of the acceptors in the formed area (Ref. 10). Recently 
(Ref. 28) a highly accelerated aging effect has been observed for point-con- 
tact transistors formed with lithium-doped collectors. The increased rate — 
was attributed to the high diffusion coefficient of lithium in germanium, ~ 
which is several orders of magnitude higher than conventionally used point 
impurities (Ref. 29). The aging discussed here probably results from an 
increased junction temperature, since some aging occurs even at room tem- 
perature. In such a case, it would seem feasible and economically advan- 
tageous to replace power pre-aging by a high-temperature shelf aging 
period. 

(3) The surface of the semiconductor plays a predominant role in the 
forming of point-contact transistors. However, after forming, the opera- 
tion of the device is predominantly a bulk phenomenon (Sec. 20.3). Ac= 
cordingly, the surface plays a relatively minor role in the operation after 
forming is complete, and changes in the surface brought on by aging are 
negligible. One exception to this general conclusion is the “turn-off time” 
which is a non-parametric measurement made to determine the speed at 
which a switching transistor can be brought from the voltage saturation 
to the current saturation condition (Ref. 30). 

The effective minority carrier lifetime near the collector is important in 
determining this turn-off time. Bulk lifetime may be expected to remain 
constant during aging, but it is to be expected that surface recombination 
velocity will change under a variety of conditions. The change in turn-off 


TABLE 20-4 POWER PRE-AGING OF A LOW-FREQUENCY LOW- 
SATURATION-CURRENT POINT-CONTACT TRANSISTOR 













iets alae Before After 48 Hr at After 48 Hy 
Aging Room Temperature at 150 mw 
T,(0, —10) ma 0.43 0.48 
V.(6, —8) volts 0.94 
R,(1, —5) ohms 7400 7000 
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TABLE 20-5 EFFECT OF IMPREGNATION ON TRANSISTOR 
TURN-OFF TIME 


es 


Type of Transistor Typical Turn-Off Time 








Impregnated Units 


¢ 1.0 microsecond 
Non-impregnated Units 


2.5 microseconds 


TT 


time which results from the effect of the impregnant on the surface re- 
combination velocity of the semiconductor is shown in Table 20-5. A 


period of about an hour at approximately 115°C is a part of this impregna- 
tion process. 


20.4.3 Pre-aacine of JuNcTION Devices. The pre-aging of junction 
devices is used primarily as a step to eliminate from production those de- 
vices which tend to be unstable. The instability in most cases is probably 
associated with chemical reactions at the surface, or with adsorption phe- 
nomena. Until semiconductor surfaces are better understood than at pres- 
ont, it seems necessary to continue pre-aging as a “culling’’ process. 

Stabilization of the reverse saturation current and the current gain is at 
present another objective of the pre-aging of all junction devices, Except 
in cases of extreme contamination, a high-temperature bake will usually 
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accomplish much the same objective as pre-aging under power. This fact 
implies that it is the high junction temperature reached during aging 
which catalyzes the surface reactions that result in the device parameter 
changes. 

Unfortunately, during high temperature pre-aging, all parameters do not 
approach desirable limits together. Thus, for example, pre-aging may 
stabilize one parameter, but may produce undesirable changes in another. 
An example of this is shown in Fig. 20-18, which illustrates (Group II) 
the high-temperature aging characteristics of a group of p-n-p alloy tran- 
sistors, back-filled with dry nitrogen. While the alpha drops early in the 
aging period, the collector breakdown voltage keeps decreasing steadily. 
The change apparently results from an interaction of the surface with its 
ambient, in view of the contrasting changes observed in Group I of similar 
units back-filled with dry air. The decrease in alpha of both groups of 
units is apparently related to a change in surface recombination velocity, 
since substantial changes are observed in the effective lifetime, 7, of the 
junction.* It is worth noting that power aging of such transistors produces 
entirely similar aging characteristics. 
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SYMBOLS USED IN CHAPTER 20 


b mobility ratio 

E, magnitude of the field 

Sea frequency cutoff of a 

Te4 cutoff current 

Ts electron current at the collector 
Tes hole current to the collector 

Ny electron concentration in p-region 
p hole concentration 

rp base resistance 

to collector impedance 

to radius of p layer 


S point spacing 
Ww wafer thickness 
a small-signal current multiplication 
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average alpha 

intrinsic alpha of the collector junction 
minority-carrier transport efficiency 

emitter injection efficiency 

electron mobility 

hole mobility 

resistivity 

minority-carrier lifetime in p layer 
minority-carrier lifetime in n-germanium bulk 
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Chapter 21 


ADVANCED DEVELOPMENT OF 
A HERMETICALLY SEALED 
POINT-CONTACT TRANSISTOR 


21.1 AN IMPROVED STRUCTURAL DESIGN FOR 
POINT-CONTACT TRANSISTORS * 


21.1.1 Inrropuction. This section will discuss an extensive structural 
redesign of the point-contact transistor. The interrelationship between 
particular features of structure and fabrication procedure and the design 
objectives for the completed device will be outlined. 

‘Two device requirements have provided the stimulus for this structural 
redesign. The first of these requirements was concerned with the provision 
of suitable protection for the transistor from adverse environmental condi- 
tions. Although developmental point-contact transistors in unsealed en- 
‘losures have demonstrated excellent reliability in Bell System applica- 
lions, these same types in ambients of high humidity and high temperature 
have shown a gradual deterioration. Laboratory experiments with these 
developmental transistors have indicated that hermetic capsulation is a 
(losign requisite if changes in device characteristics due to these unfavorable 
environmental conditions are to be eliminated. 

‘The second motivation for the redesign was a need for a point-contact 
transistor that would satisfy certain standardized basing and size require- 
ments. These requirements, the standardized basing requirement (JETEC 
08-15) and over-all size requirements, are shown in Fig. 21-1. Prior to the 
redesign project, none of the existing Bell System point-contact transistors 
(I'ig, 21-2) had external forms which satisfied both these requirements. 

There existed, in addition, another basic objective for the redesign, an 
understood” objective in any engineering redesign: namely, that the tran- 
sintor should be at least the equivalent of and preferably superior to earlier 
developmental models in its electrical and mechanical characteristics, In 
order to evaluate readily the degree of attainment of this final objective, 
wlandards for both electrical and mechanical performance were established, 


~ * Hoo, 21,1 In by N. P, Burcham, 
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The standards for electrical performance of the device were, of course, fixed 
as a result of developmental work on earlier point-contact types similar in 
physical aspect. The mechanical properties of the design were character- 
ized with the following criteria, which were based both on past performance 
of point-contact types and require- 
ments of expected device applications. 

(1) The first of these criteria for 
mechanical performance involved the 
group of tests listed below, coupled 
in every instance with three post-test 
electrical checks which limit transistor 
characteristic change due to the test. 
In addition, where noted, a limit was 
placed on microphonic transistor noise 
during the mechanical test. Accelera- 
tions designated with each test are 


(_.._. 
§ wa 
eBscosue Roose: 
ao 
°o 


a 


relative to the transistor: 


(a) Three 500-g, 1-millisecond shocks 
in each orientation with the 
microphonics test. 

_-BASE (b) 10-g vibration, ranging from 100 
> to 1000 cps, four times in each 
orientation with the microphon- 

ics test. 

(c) 20,000-g acceleration in each 

: orientation. 

or (d) 10-g vibration at 50 eps for 32 

hr in each orientation. 
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jpr.04e (2) A second design criterion con= 
cerned the temperature stability of th 
1 0484 completed device, in that 10 cycles of 
a temperature, each 6 hr in length, from 
Fig. 21-1 Basing and over-all —55° to +85°C and return should: 
size requirements for redesigned not cause significant changes in ime« 
point-contact transistor. portant electrical parameters of the 
device. 

(3) The heat transfer characteristics of the transistor structure should 
permit dissipation of useful amounts of power by the device without result« 
ing in internal temperatures which cause excessive thermal generation of 
current carriers in the semiconductor of the transistor. 

(4) Normal handling of the device in connection with its circuit appli 
tion, including soldering of transistor leads to other circuit components 
shortening transistor leads for plug-in use, should cause no fundamen 
deterioration of any characteristic of the unit, 


ween ee af, ee. 
\ 


X 


All of the above factors constitute the fundamental objectives for 
redesign of the transistor structure, Of course, many solutions satiafyl 






















applied in each of three orientations 
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liq, 21-2 External configurations of BTL point-contact transistors prior to re- 
design. 


all of these criteria are possible. Each of these solutions is intimately 
wssociated with a particular fabrication procedure; the final design selec- 
(ion involves, then, consideration of the elements of structure which affect 


particular design objectives and the feasibility for control in manufacture 
of these factors. 


21.1.2 Dresten Discussion. The point-contact transistor structural 
design that satisfies all of the requirements just outlined is shown in Fig. 
21-3. The basic mount for the active transistor elements in the design is 
 four-lead glass-seal-eyelet header assembly. The two point contacts are 
(-shaped spring structures supported by small-diameter tubing and at- 
(ached in an inverted position to the outer leads of the transistor header. 
‘The uppermost structural member of the design is the base piece part 
which acts as a standard for the semiconductor wafer. In the design de- 
picted in Fig. 21-3 this piece part is a simple channel section equipped with 
(ubs for welding to the two inner header leads. 

In the discussion of the particular design elements responsible for the 
(losirable characteristics of the device, it is appropriate to examine the 
womplete device on a functional or operational basis in terms of the three 
iajor branches of the flow chart representing fabrication of the device 
(I"ig. 21-4): (1) the transistor header—the lead-eyelet glass-seal assembly 
which acts as a mount both for the active parts of the transistor assembly 

und the protective cover of the device; (2) the transistor structure proper— 
(he assembly of the active parts of the device; (3) the transistor capsula- 


fion—the enclosure for the transistor structure proper and its impregnating 
medium, 


21,1.2.1 Transistor Header, The glass and metal eyelet header as- 
wembly is made with Kovar piece parts anchored in glass by processes 


standard in the electronics industries, The mechanical considerations in« 
volved in this design are discussed in See, 21,2, 
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Fic. 21-3 Structural design of point-contact transistor meeting redesign requi 
ments. 


21.1.2.2 Transistor Structure Proper. The three flow lines for the trane« 
sistor structure proper are those for the base and wafer assembly, the point 


structure fabrication, and the assembly of these two subassemblies to 


transistor header to form the completed transistor element. It is most 


convenient to discuss this assembly in the same manner as the complet 
transistor, that is, in terms of the flow lines for fabrication of this porti¢ 
of the device. 

(A) BASH AND WAFpR ASSEMBLY, ‘The design of structure and asac 
ciated process for the base wafer assembly involves consideration of all o 








Fig. 21-4 Flow chart representing fabrication of point-contact transistor. 


the basic device design objectives—electrical equivalence with former de- 
signs, satisfactory mechanical and thermal characteristics, and expedient 
straightforward fabrication procedures. 


THE WAFER 


As a starting point, this discussion assumes that a single-crystal ingot 
of germanium of correct bulk properties has been provided.* Processing 
of the semiconductor crystal prior to its attachment to the base electrode 
involves only the mechanical shaping of the material, usually by sawing 
and lapping operations, to the size and form required for the transistor 
design. The particular dimensions of the semiconductor wafer are deter- 
mined by consideration of certain electrical properties desired in the com- 
pleted device and by restrictions imposed by processes used to shape the 
wafer and to handle it after fabrication. In order that subsequent chemical 
surface treatments performed on the wafer may be consistently effective, 
mechanical damage to the semiconductor due to shaping must be limited 
and the resulting surface topography well controlled. The topography of 
the wafer surface contacted by emitter and collector affects the mechanical 
alubility of the completed device and the process losses due to changes in 
point separation during assembly of the device. Although the final surface 
treatment given to the wafer alters considerably the surface existing after 
shaping, the condition of the mechanically shaped surface is one of the 
significant factors in the determination of the final surface topography. 

‘The requirements of wafer topography also motivate a reasonable con- 
(rol on crystal orientation relative to the wafer surface contacted by emit- 
(or and collector points. Orientation for this purpose within 2° of the 100 
plane is satisfactory. 





*In Chapter 10 the relationship of semiconductor bulk propertios to the character 
jation of the finished device is examined, 
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Fig. 21-5 Design for base of transistor to Fie. 21-6 Design for base of transis- 
operate under severe mechanical treat- tor for improved power dissipation. 
ment. 


BASE PIECE PART 


The design of the base piece part is determined principally by consider- 
ation of the following factors: 


(1) The part should be easy to fabricate and assemble with the rest of 
the transistor structure. : 
(2) For maximum mechanical stability of the completed device, the 


mass of the base electrode piece part should be low and its center of 


gravity positioned as near the region of constraint of the header 

leads as is consistent with other design objectives. ‘ 
(3) The base contact ordinarily has the greatest area of the three semi- 

conductor contacts of the transistor. The properties of this contact 


and associated structure, then, influence to a large extent the thermal — 


capabilities of the completed device. To assure satisfactory dissipa- 


tion of heat, the base piece part must be fabricated from a material 


of good thermal conductivity. Provision of a large surface area for 


this part to permit conduction and radiation of heat to the impreg- — 


nating medium, the device container, and outside air aids in keeping 
operating temperatures at a minimum. Because this last-mentioned 
factor can conflict with considerations of (2), two base designs have 
evolved. The first of these, shown in Fig. 21-5, is intended for de- 
vices which must operate during severe mechanical treatment; the 
second design, though slightly inferior from the standpoint of me- 
chanical stability, offers a maximum surface for conduction and ra- 
diation of heat. Use of this latter design, shown in Fig. 21-6, has 
resulted in an approximate 35 per cent increase in the allowable power 
dissipation of the transistor. Direct connection of the base piece 
part to the capsulating cover of the device offers, of course, the pos+ 
sibility of further improvement in the thermal properties of the tran= 
sistor. This design feature has not been utilized because of the need 
for keeping the transistor container electrically independent of the 
three terminals of the device. 
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(4) When a gold-germanium process is used to make the semiconductor- 
to-base electrode contact, it is desirable that the thermal expansion 
of the base piece part material match closely the thermal expansion 
of germanium. Since the bonding process does not provide a rela- 
tively thick layer of yielding material between the wafer and base, 
cracking of the contact during subsequent processing or in the later 
life of the transistor could result if this precaution is not observed. 


The consideration of all the above objectives limits the choice of base 
clectrode material either to molybdenum or to alloys of the Kovar family. 
The particular choice between these two metals is necessarily a compromise. 
Molybdenum matches the thermal expansion of germanium better than 
(the Kovar type alloys and has a better thermal conductivity, but is a 
difficult metal to form, gold-plate, and weld to other structural parts. If 
requirement (4) is disregarded, there is available, of course, a wide choice 
of base piece part materials. 


BASE CONTACT 


There are several different criteria that are employed to evaluate the 
suitability of a design and process for fabricating the base contact. The 
contact must possess mechanical strength that is satisfactory considering 
hoth further processing of the device and end use of the transistor. Elec- 
(rically the contact should have a low resistance and a characteristic which 
in essentially ohmic in nature; in other words, this contact should “play no 
purt in the active processes occurring in the semiconductor.” * The con- 
(uct should not present a thermal barrier to the dissipation of heat generated 
ly operation of the device. The process employed to make the contact 
should be simple and should not degrade in any way thé ultimate charac- 
loristics of the device. For example, the fabrication procedure should not 
hquire temperatures which might alter the bulk properties of the semicon- 
(uctor or handling techniques which can affect process yields by influenc- 


ii the adequacy of the final surface treatment. 

(jold-germanium bonding techniques have been developed which best 
fulfill the above requirements. Briefly, the gold bonding process involves 
jonitioning the semiconductor wafer on the gold-plated base electrode, ap- 


plying a predetermined force between the parts, and elevating the tem- 
perature of the combination until a gold-germanium alloy forms at the 
interface of these materials. 

I( is easy in this manner to form bonds with desirable mechanical proper- 
lion, Bonds to n-type germanium obtained with pure gold ordinarily have 
wn electrical characteristic similar to that shown in Fig. 21-7; these con- 
nels obviously possess neither a low resistance nor an “ohmic” quality. 
Whon sufficient quantities of a donor element are added to the gold base 
plating, the resultant bonds have an improved characteristic of which that 
of Vig, 21-8 is typical, and meet the electrical requirements on the contact, 
Aw indicated by the power dissipation of completed transistors, gold-bonded 


. a 


* Chapter I, particularly page 828, 
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base contacts present a lower thermal resistance than solder-type base 
contacts. 

Aside from the process simplification gained with the use of a gold- 
bonded base contact—that is, elimination of the handling of solders, fluxes, 
and neutralization baths—the principal advantage arising with the employ- 
ment of this technique is one of improved electrical characteristics and 
improved reliability for the completed device. Past experience with sol- 
dered contacts has indicated that in spite of extensive neutralization and 
rinsing procedures after soldering, the effects of these chemicals used prior 
lo final surface treatment can persist through the etching operation and 
degrade the characteristics of the completed device. Since traces of these 
chemicals can easily alter initial characteristics of the transistor, it can be 
expected that more minute quantities could have detrimental effect on life 
and reliability of the device. 


FINAL SURFACE TREATMENT 


The final processing of the wafer base assembly involves a chemical 
etching treatment of the semiconductor surface which will contact the 
emitter and collector. Important properties of the finished transistor de- 
pend upon the degree of success achieved at this point in fabrication. 
Primary objectives are the provision of a wafer surface which is satisfactory 
for electrical forming and at the same time sufficiently roughened to main- 
(nin the pressure point contacts in the positions held at the electrical form- 
ing operation. Etching of the semiconductor surface preparatory for form- 
ing implies removal of the mechanically disturbed regions resulting from 
wafer shaping procedures and the establishment of intended chemical condi- 
(ions on the semiconductor surface from the standpoint both of chemical 
reuctions with the semiconductor wafer proper and of the absence of con- 
(uminating reactions with other than germanium materials. Contaminat- 
ing reactions are prevented in the base wafer design under discussion by 
wmploying a stream etching procedure (supplying a continuous flow of 
#lchant over only the portion of the assembly where etching is desired) 
wad by plating with gold all other than germanium materials. Etchant * 
\s upplied to the wafer surface for a length of time to enable satisfaction 
of both design requirements for the operation. Long etching periods not 
only tend to ensure the removal of all mechanically disturbed semiconduc- 
tor and the attainment of desired surface chemical conditions, but also in- 
vvoase the average size of the unit of etch topography. As the size of the 
‘vorage unit of etch topography increases, there is also an increase in the 
londeney to point skidding and to large changes in point spacing during 
the attachment of the base wafer assembly to the remainder of the struc- 
lure, Application of the etchant only long enough to obtain a unit of 
ooh configuration averaging 0.5 mil on a side results in a surface of satis- 
fnelory mechanical and chemical properties, . 

‘The precautions regarding contamination of the etched wafer surface 
apply, of course, to the water rinsing after etching, to storage conditions, 


* A solution componed of 1 part 48 per cont HE, 1 part 80 per cont HyOy, and 4 parts 
tolonived water, 
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and to subassembly handling procedures. Only rinse water of established 
purity should be used. Gaseous ambients, relative humidities during stor- 
age, and maximum permissible storage periods must be defined if repro- 
ducible processing results are to be obtained. The chief justification for 
the handling of the base wafer as a subassembly independent of the tran- 
sistor header and point structure is to facilitate these controls on its proc- 
essing and storage. 


(B) pornr srrucruRE. The design requirements set for the two pres- 
sure point contacts to the semiconductor may be stated quite simply. One 
of the contacts must be a good emitter of minority carriers; the other con- 
tact must be a satisfactory collector of minority carriers after the electrical 
forming process. Both contacts must possess adequate structural stability 
to assure the maintenance of their initial positions on the semiconductor 
wafer in spite of severe mechanical or thermal treatment of the completed 
device. These requirements, though brief, make necessary careful design 
of the contact structures and exacting controls on their fabrication. 

Point-contact material and shape, and in the case of the collector, the 
electrical forming treatment, are primarily responsible for the suitability 
of the initial electrical characteristics of these contacts. Insofar as chem: 
ical composition of the contact materials is concerned, the needs of the 
collector and emitter are dissimilar. The forming processes described 
Chapter 20 require that the collector contact material contain a small 
amount of donor element. Conversely, satisfactory performance of the 
emitter contact.requires an absence of donor impurity. Should the emitter 
contact material contain a donor element, pulse operation of the transisto 
could cause electrical forming of the emitter contact and consequent im 


ciency. 

The collector and emitter contacts are pressure contacts; hence, 
structure materials should have elastic properties ordinarily associated with 
spring stock. Further, contact structure fabrication technique and device 
assembly operations are simplified if the collector and emitter contact mi 
terials, though unlike in chemical composition, may be fabricated wit 
similar mechanical properties. Phosphor bronze, containing approximate 
0.3 per cent phosphorus, and beryllium copper satisfy the material requir 
ments for collector and emitter contacts, respectively, and are used mé 
frequently in point-contact devices. 

Although the design functions of the emitter and collector contacts 
not the same, the requirements pertaining to point shape to be met hy 
the two contacts are analogous. The function of emission of minority Gay 
riers requires that the emitter contact be a good point-contact rectifie 
Good pressure point rectifiers are achieved by small-area contacts to th 
semiconductor. As detailed in Chapter 20, electrical forming involves p 
ing large reverse pulses through the collector contact, Although the coll 
tor contact is a poor rectifier at the end of this treatment, high forming @ 
ciency is dependent in part upon good rectification properties for the ¢ 
lector at the start of this process. Further, certain electrical paramet 
of the completed device—for example, frequency cutoff of alph 


fontael and semiconductor surface, 
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affected by the shape of the region of the semiconductor beneath the col- 
lector contact altered by the electrical forming treatment. For a given 
pulsing technique the shape of this “formed” region of the semiconductor 
is influenced, in turn, by the collector contact shape. 

Various processes for shaping the ends of pressure point contacts have 
heen devised. Electroetching techniques and lapping and polishing pro- 
cedures have been developed which provide contacts of satisfactory char- 
acteristics. The most frequently used shaping process, however, involves 
simply the controlled shearing of the contact wire in well-fitting die blocks 

lhe maintenance of the desirable initial properties of the pressure point 
contacts throughout the intended life of the transistor is primarily de- 
pendent upon the chemical and mechanical stability of the contacts 
Chemical stability of the contacts is achieved (1) by assuring the clean- 
liness of the transistor assembly and (2) by enclosing the assembly in an 
environment which is relatively inert and unchanging over the intended 
life of the device. Workmanlike assembly procedures, proper cleaning 
techniques, and environmental controls during assembly make certain a 
lean assembly. Use of a chemically stable, contaminant-free impregnant 
and the enclosure of the device in a hermetically sealed container provide 
substantially an unchanging environment for the pressure-point contacts 

Probably the most severe requirement to be met by point-contact struc- 
\\res is that concerning the mechanical stability of the collector contact 
Although the collector makes only simple frictional contact with the semi- 

vonductor wafer, movements of this structure relative to the formed region 
ol the semiconductor must be limited to less than 0.0001 inch in an 

lirection if the useful characteristics of the device are to be agntdnel! 
Wig, 21-9 indicates the effect of small motions of the collector contact 
on saturation voltage, with one of the electrical characteristics of the 
(levice used as a criterion for the completion of the forming treatment 
“iven the transistor. The value of saturation voltage resulting with 
the collector contact in the position held at the end of electrical form- 
ne is indicated by the point corresponding to the zero on the abscissa of 
(he diagram. To the right and left of this “zero” point are plotted values 


lor this parameter obtained for various locations of the collector contact 
ut hor than the one held at completion of electrical forming. The behavior 
al wturation voltage for three typical transistors is represented on the 
igure; in each instance collector motions of 0.0001 inch or less are sufficient 
{0 cause uncontrolled increases in the value of saturation voltage and loss 


ul the useful characteristics of the device. 

Mechanical shock or vibration and forces induced by thermal changes 
Muy act In a manner to cause collector contact motions relative to the 
wmiconductor of magnitude sufficient to effect inordinate changes in vari- 
(in device parameter values similar to those incurred for saturation volt- 


ime in the experiment just discussed, A first step in the prevention of this 
tendency for collector contact movement involves the provision of sufficient 


rlotional force at the point-contact-semiconductor interf 
ibe ' } orface by controllin 
wth the coefficient of friction and the normal foree between the elaie 


Controls on semiconductor surface 
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hrough the lapping and etching processes used in wafer prepa- 
Oe ee ele coefficient of friction between wafer a 
contact. The achievement of intended values of normal force a 4 
controls on the spring properties of point-contact wire stock, the form 0 
the spring structure, and the amount that the contact structure is com- 
pressed during device assembly. 
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LLECTOR MOVEMENT IN MILS 
(MEASURED FROM ITS POSITION AT FORMING) 
Fic. 21-9 The effect of small motions of the collector contact on saturation 
age for three transistors. 


int-contact transistors are fabricated using approximately 35 
Se oe semiconductor wafer and contact. The contact structu 
of course, must be proportioned to allow attainment of desired no 
forces without bringing about stresses in the structure near the range 
unrestrained plastic deformation of the contact material. In pce 
spring constant of the structure should permit a workmanlike - a 
the deflection given the ee during device assembly withou 
iation in the resultant normal force. 
eee in process of the various features of the spring structure is Vj 
less if the attachment procedures used to incorporate the contacts into 
device change any of these properties unpredictably, For example, at 
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ment of the formed point structures directly to supporting members by 
welding is likely to spoil their springlike properties; this difficulty is cireum- 
vented in the current design by cold-forming annealed nickel tubing around 
the contact wires and then welding the relatively rigid tubings to the sup- 
porting structures. 

Mechanical stability of the frictional contact structures is 
the reduction of those residual forces, 
structure during device assembly, 


improved with 
resulting from compression of the 
which tend to cause the contact to slide 
along the semiconductor surface. C-shaped contact structures, propor- 


tioned as shown in Fig. 21-10, when deflected, provide no force components 
to the right or left in the sketch. In order to obtain suitably small point- 
contact separations on the semiconductor in 
(the assembled transistor, it is necessary that 
(the two point structures be inclined towards 
each other. Hence, in the direction at right 
angles to the plane of Fig. 21-10 there exist 
sliding foree components on the contacts. 
This inclination of structure and the usual 
Variations of manufacture combine, then, to 
place the contact structure in a condition of 
unstable equilibrium. If, however, the in- 
(lination of the contact is held to the mini- 
Mum necessary for desired contact spacing, 
\he etched semiconductor surface is suffi- 
viently rough to prevent gross sliding of the 
vontact along the semiconductor surface. 

A further requisite for point-contact structure stability involves the re- 
(luction of mechanical coupling between the semiconductor contact proper 
und the region of constraint of the contact spring structure. Under the in- 
Hlience of accelerations and thermal changes various portions of the basic 
(hnsistor structure may experience small motions. These movements, in 
the case of point structures rigid to lateral motion across the semiconduc- 
for, can cause contact motions of sufficient magnitude to result in loss of 
(he useful properties of the transistor. The C-spring shape is employed 
i (ransistor design under discussion primarily because it offers satisfactory 
\incoupling from other more massive structural elements. 

‘The effects of the mechanical coupling of the contact structure may be 
winphasized by examining its relationship to the shock, vibration, high 
jooleration, and thermal cycling tests which were used to characterize the 
Mechanical performance of the design. Early in the redesign development 
point structure was devised which, although it offered several advantages 
lrom the standpoint of device assembly, did not provide sufficient un- 
(oupling from the remainder of the device structure. As indicated in Fig, 
¥iell, a lack of adequate spring structure uncoupling may manifest itself 





Fig. 21-10 Diagram of a 
C-shaped contact structure. 


f# changes in important device characteristics resulting from mechanical 
shook and high acceleration, 
Houpling, however, are 


The large gains produced by mechanical un- 
those arising from the reduction in mierophonie 
vine generated during shock and vibration and the great improvement in 
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© “C” TYPE POINT- CONTACT STRUCTURE 
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Fig. 21-11 Effect of 20,000-g acceleration on saturation voltage. 
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Fig. 21-12 Microphonic noise due to mechanical shock in the direction 
to the external transistor leads, 
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PRE-CYCLING | POST-CYCLING | POST-CYCLING 
PARAMETER TESTS TESTS TEST LIMITS 
MINIMUM -1.00 -1.40 ° 
Ve (3,-5.5) 
IN VOLTS. | AVERAGE -1.40 -4.70 
MAXIMUM -1.60 —26.00 -2.50 
MINIMUM -0.25 -0.10 -0.20 
ee AVERAGE -1.00 -0.80 
MAXIMUM -1.80 -1.60 -2.70 
Zo (1-10) | MINIMUM 7.40 5.60 4.00 
iM tiLonms | eeRase 13.20 10.80 
MAXIMUM 16.80 16.00 24.00 





I 


lia. 21-138 Temperature cycling results of fourteen transistors using close-coupled 


point structures cycled 10 times from —55°C to +85°C, 6 hours per 
cycle. 


the resistance of the device to the effects of severe temperature cycling. 
I"ig. 21-12 compares microphonics resulting in close-coupled and uncoupled 
structures during shock pulses of 1 millisecond’s duration at varying accel- 
erations. Fig. 21-13 depicts results obtained on units with close-coupled 
point structures with ten temperature cycles from —55° to +85°C. Al- 
though all units in this group met all electrical specifications initially, at 
the end of the test only 35 per cent of the total group were found to have 
useful characteristics. When subjected to this same test, transistors 
equipped with C-shaped point structures (as shown in Fig. 21-14) undergo 


no serious degradation because of the uncoupling provided with this type 
of contact structure. 


CO eee 


























PRE-CYCLING | POST-CYCLING } POST-CYCLING 
PARAMETER TESTS TESTS TEST LIMITS 
MINIMUM -0.68 -0.78 Oo 
eee AVERAGE -1.12 -1.27 
MAXIMUM -1.70 —2.30 -2.50 
MINIMUM -0.38 -0.45 -0.20 
1,(0,-20) IN 
Care AVERAGE -0.98 -1.22 
MILCAMER ABE anil -2.10 -2.70 -2.70 
2.5 (,<10) | MINIMUM 8.80 5.80 4.0 
22)” AVERAGE 14.40 12.50 
IN KILOHMS | Maximum 23.50 22.00 24.0 





lig, 21-14 Temperature eycling results of forty 2N21 transistors prepared using 
C-contact structures, 


(C) srrucrur® AssemBLy, Completion of the transistor structure 
is accomplished with the assembly of the collector and emitter contact 
structures and the base wafer assembly to the header assembly, Design 
objectives for these final operations are concerned with the maintenance 
of wwombly dimensions affecting requirements on the completed device 
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and the preservation of various design features already built into the sub- 
Ce ei structures are attached to the outer leads of the 
header assembly by welding. Welding processes are used in all ely 
assembly operations in order to eliminate possible contamination Py ee 
fluxes necessary for satisfactory soldered connections. The welding of the 
tubing mounts for the point structures to the header rather than contact 
wires proper preserves the springlike properties of the contacts. a ra 
tion of the contact structures on the header determines the over-all 7 
of the transistor structure; hence, for maximum mechanical stability of the 
finished transistor the contacts must Daa as near the region of 
i the header leads as is possible. 
sae ein between the two contacts of the semiconductor is deter- 
mined immediately prior to base attachment. Point spacing is a major 
parameter of design for the point-contact, transistor; the influence of this 
separation on important device characteristics is tabulated in Fig. 21-15. 
Because of the distinct dependence of electrical properties of the transistor 
on contact separation, variation of this dimension for a given device type 
must be carefully controlled. Maximum tolerance on spacing in any tran- 
i ign is +0.0005 inch. ; } 

Uaioe performance in the operation of point structure oo 
and base attachment is primarily dependent on good tool design. The 
base wafer assembly must be held securely during point structure deflec- 
tion and welding of the base piece part to the header leads, to eh 
damage to the point contacts or the prepared semiconductor surface an to 
prevent uncontrolled changes in contact separation. The amount of poe 
structure deflection during the attachment operation must be known + 
closely controlled so that design requirements for contact force pei i 
the semiconductor may be met. Throughout this process step the etche 
semiconductor surface should be protected from any contaminating ma- 
terials. 
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Fie. 21-15 The effect of point-contact separation on device parameters. 


21.1.2.3 Transistor Capsulation. The third major branch of the flow 
chart for device fabrication (Fig. 21-4) involves the capsulation of 
mounted transistor structure. 

Both welding and soldering processes are satisfactory means for atta 
ment of the transistor enclosure to the header, Although either attae 
ment process may be used to make seals of the so-called hermetic ty 
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welding methods are preferred to other attachment processes because of 
their simplicity and because these processes require no auxiliary materials 
which could cause contamination. For proper welding of the transistor 
enclosure to the header, either the lip of the transistor can or the mating 
portion of the eyelet of the header assembly must be provided with a 
welding projection. Coined projections have indicated superiority over 
embossed projections for this purpose. Scrupulous control of welding 
process conditions (i.e., projection dimensions, welding time and heat, elec- 
trode alignment, ete.) are necessary to avoid damaging the glass seal of 
the header assembly during the operation. 

In addition to the preparation of a suitable seal for the device, prime 
objectives of a soldering process for the can-to-header attachment are the 
avoidance of both excessive heating of the various elements of the transis- 
tor’s internal structure and contamination of the device by soldering fluxes, 
Satisfactory soldered seals have been made using rosin-type fluxes or with- 
out flux by carefully cleaning and tinning the component parts of the 
assembly. Corrosive fluxes are never used in making the can-to-header 
attachment. 

The primary reason for impregnation of early, unsealed point-contact 
(ransistors was to provide some protection against adverse environmental 
conditions. Although hermetic sealing of the transistor eliminates this 
need for an impregnant, current devices are filled with polyethylene-poly- 
hutene compound in order to improve the thermal properties of the tran- 
sistor and to reduce microphonic noise generated in the device during 
severe mechanical accelerations. Because none of the elements of the tran- 
sistor internal structure are connected to the device enclosure, the filling 
of the device with an impregnant increases the permissible power dissipa- 
lion of the transistor by approximately 200 per cent. The maximum mag- 
nitude of microphonic noise developed in impregnated transistors during 
mechanical shock and vibration in critical orientations is about half that 
occurring in unimpregnated devices. Whether impregnated or not, tran- 
vistors of the current design do not indicate any significant permanent 
(logradation as a result of any of the mechanical tests outlined in the intro- 
(luction to this chapter. 

In order that the transistor may be vacuum-impregnated, a tubulation 
ix provided at the top of the transistor can. With the sealing of this open- 
ing by welding, the mechanical fabrication of the device is complete, and 
(he transistor is ready for electrical processing. 

u 


1.¢ 
ole 


EFFECTS AND ANALYSIS OF MOTIONS OF LEADS ON 
POINT-CONTACT TRANSISTORS * 


‘The active elements of transistors are protected by enclosing them in an 
onvelope or container, If the envelope is made of a conducting material 
or metal, as it is for the point-contact transistor, it is necessary that a 
motion of the envelope be made of some insulating material for the leads 
10 pass through. In addition to being good oloctrioal conductors, unfors 


* Hoo, 21,2 in by G, 8, Horaley, 
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tunately, the leads are also good conductors of mechanical shocks and 
vibrations. Furthermore, since no material will give infinitely rigid clamp- 
ing, motion of the external part (see Fig. 21-16) of a lead is transmitted to 
the internal section of the lead when- 
ever the insulation or the material 
yields elastically or plastically. 
Motions of the internal parts of 
the leads are important because the 
transistor components are, in present 
designs, mounted on the leads. Some 
motions transmitted through the en- 
velope are large enough to change the 
pressure of the point contact on the 
semiconductor wafer or to cause the 
point to be displaced on the wafer. 
The pressure changes and displace- 
ments resulting from motions trans- 
ee ee tea” = mitted through the envelope are in 
many cases large enough to affect the 
transistor characteristics adversely. 
During the handling and use of a 
transistor, forces of varying magni- 
tude and direction are applied to the 
leads. These forces may be divided 
into three classes (see Fig. 21-16); 
(1) tangential forces, (2) longitudinal 
forces, and (3) lateral forces. Each of 
these forces will cause a different m 
tion of the external leads. Th 
amount of motion transmitted throu 
the envelope and the effects on t 
characteristics vary with the ty, 
and magnitude of the applied fo 
It is desirable, therefore, to discuss each force and its effects separately 


------ INTERNAL SECTION 
OF LEAD 














ee 
Fig. 21-16 Header and leads of 


point-contact transistor showing 
forces on external leads. 


21.2.1 TANGENTIAL Forces. A tangential force or couple applied 
the lead results in a torque on the lead. The torque causes an angu 
displacement of the external part of the lead. Because of the elastic 
plastic deformations of the insulation, the internal part of the lead is rota 
some fraction of the rotation of the external part of the lead. ‘Too large 
displacement, transmitted by the insulation material to the internal pa 
of the lead, will cause the contact point to move on the surface of the wal 

Studies of the actual amount of angular rotation of the internal secti 
of the leads as a function of torque and type of insulating material 
not been made at this time. Even though accurate engineering data as 
the magnitude of angular displacements transmitted to the internal 
of the leads have been unavailable for use in the present structure d 
no serious problems have been encountered from tangential forces,  Y. 
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is desirable that such a study of angular displacement versus tangential 
force should be conducted in order to have engineering data for use in any 
future structure designs. 


21.2.2 LoneirupINAL Forces. Longitudinal forces F's on the leads of 
a unit of the type shown in Fig. 21-16 are encountered when it is inserted 
in or removed from a socket. These forces are small and cause no ob- 
servable damage to the units. However, serious damage does result from 
longitudinal forces imposed on the leads when they are clipped off by diago- 
nal pliers. 

Transistors are ordinarily thought of as being very rugged mechanically, 
and indeed in many respects they are. Why should the mere act of clip- 
ping the leads cause damage to the unit? To answer this let us first observe 
what happens to a transistor when it is held in a pair of diagonals in a 
vertical position and the leads are cut. The impulse on the lead is so 
large that the transistor is projected to a height of 5 or 6 ft. The magni- 
tude of the impulse may be determined from this information. By assum- 
ing a reasonable impulse time the average acceleration can be calculated. 
If an impulse time of 0.01 sec is used, the average acceleration is found to 
be 60 g. If the impulse time is assumed to be 1 millisecond, the calculated 
average acceleration is 600 g. In addition to the force on the unit as a 
whole there is a shock wave which has a very steep wave front that is 
(ransmitted through the lead. This shock wave may also be a cause of 
damage to the unit. When the process of cutting with diagonal pliers is 
carefully considered, it is quite obvious why such large forces are encoun- 
(ered. Fig. 21-17 shows a piece of wire with the cutting edges of a pair of 
(lingonal pliers partially through it. As the jaws of the pliers pinch into 
the wire, it is subjected to tensile forces across the plane CD. As the cut- 
(ing edges move farther into the wire the forces increase until the tensile 
alrength of the wire in the region A-B is exceeded and it suddenly breaks. 
When the wire snaps, the forces A and B at the CD plane become zero, 
but By, Bs, Ay, and A, remain large while the jaws are closing. Even 
(hough the time for the jaws to close is short, the force is large; therefore, 


(he leads receive a large shock which may be transmitted to the elements 
of the transistor. 





Nia, 2117 Forces on a wire belng eut with diagonal pliers, 
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Damage to point-contact transistors from the large accelerations and 
the shock waves transmitted through the leads has been practically elimi- 
nated by recent improvements in the design of the internal structure. The 
best way, however, to prevent damage to a transistor through cutting the 
leads is to use a properly designed tool which will shear the leads off instead 
of using diagonal pliers to cut them. Damage from cutting is encountered 
principally with leads made from brittle, high-tensile-strength wire such 
as molybdenum. If the leads are made of a softer wire such as Kovar the 
damage from cutting is not as serious. It may be noted that transistors 
other than the point-contact type may also be damaged by cutting the 
leads with diagonal pliers. Diagonal cutters were used to shorten the leads 
of several A1868 alloy junction transistors. Of these, 20 per cent were dam- 
aged to such an extent that the characteristics were outside of specifications. 

It is interesting to note that no measurable damage was caused to six of 
these A1868 transistors which were shock-tested with 1000-g, half sine-wave, 
1-millisecond shocks. One must be extremely careful in trying to make a 
direct comparison between this 1000-g shock test and the shocks or accel- 
erations applied to the transistor leads when cut with diagonal pliers, but 
it does appear that the 600-g figure calculated from the impulse considera- 
tions is not excessive. To be safe, do not clip transistor leads with diagonal 
pliers. 


21.2.3 LareraL Forcrs. In addition to longitudinal forces, lateral 
forces are applied to the leads of the transistor when it is plugged into a 
socket. These lateral forces do not cause any measurable damage to the 
transistor. However, the lateral forces applied to the leads, if the transis- 
tor is connected into a circuit by twisting the wires onto the lead or if the 
leads are bent for soldering, are large enough to cause difficulties. The 
adverse effects result from motion transmitted through the insulation or 
glass. It is possible to design the transistor structure so that no damage 
will be caused by motions of the leads. To arrive at an adequate yet not 
greatly overdesigned mounting, it is necessary to have information about 
the amount of motion which is transmitted through the glass insulation. 

The amount of motion transmitted by the glass part of the point-contact 
header may be calculated approximately. The assumptions are made that 
the glass is a simple beam fixed at each end (Fig. 21-18d), with a bending 
moment M applied at the position of the lead, the cross section is uniform 
throughout the length of the beam, and the lead is clamped rigidly by the 
glass. 

The equation 


% (l — x)? 
Ad = M———_—__. 
EI (l— 2)? + 2 


gives the relationship, for a beam fixed at both ends, between the bendi 
moment M (applied at «) and A@. Aé is the difference between the sl 
of the elastic line at # and the slope of the elastic line at one end of 
beam. This equation neglects the restraint of the metal eyelet along 
sides of the beam, ‘The slope of the elastic line is zero at both ends of 
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(c) (d) 


"ia. 21-18 (a) Top view of glass part of header as it is idealized for analysis of 
lead motion. (b) Side view of idealized header. (c) Top view to show 


shape of actual header. (d) Elastic line of idealized header with a 
lateral force on one of the leads. 


beam ; therefore A@ represents the slope of the elastic line at x. If the lead 
is rigidly clamped by the glass, then the axis of the lead will rotate A@ 
radians about a line perpendicular to the neutral axis. 

For x = .055 inch, b = .128 inch, h = .109 inch, 1 = .303 inch, and E = 

10 X 10~” Ib per inch? A@ turns out to be 380 X 10 radians per lb inch, 

Experimental measurements made with a microscope and an extension 
soldered onto the lead to magnify the motion found Aé to be between 650 
and 1000 X 10~° radians per Ib inch. The headers made of 7055 multi- 
form glass with molybdenum leads were used for the measurements. 

Measurements on the same type of header were made by a method which 
employed an optical lever arm to amplify the motion.* A@ measured by 
this method was 210 X 10~® to 260 x 10~® radians per lb inch. The 
ugreement between the measurements made by the two different methods 
ix fairly close and is at least good enough to establish the order of magni- 
tude of the displacement. 

In view of the assumptions used, the calculated value of A@ is reliable 
enough to indicate only the order of magnitude to be expected. The im- 
portant thing to recognize is that the motion arises from two causes: 
(1) the elastic deformation of the glass and (2) the deformation (elastic and 
plastic) of the material formed between the glass and the metal when the 
wal is made, It will be possible to make accurate calculations of these 





"A, ©, 8 Van Heel, “High Precision Measurements with Simple Baul ,’” 
Opt, Soe, Am, Vol, 40 (1950) p. 800, earl 
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Fig. 21-19 One of the early designs for a point-contact transistor. 


deformations when the properties of the material between the glass and 
the metal are known. 

The maximum bending moment which the molybdenum leads will sup- 
port is approximately 0.13 lb inch. The expected angular displacement is 
therefore between 27 X 1076 and 130 X 10~* radians. With a lead length 
of 549 inch, the displacement at the end of the lead is 4 to 20 X 107° inch 
or 0.1 to 0.5 micron. 

Experience has shown that lead motions of the above-mentioned magni- 
tude cause point-contact transistor characteristics to change. It is motion 
or change of pressure between the contact wire and the semiconductor 
wafer which causes the change of characteristics. For the design shown 
in Fig. 21-19 displacements of the internal lead will change the pressure of 
the contact wire or move it or both, depending on the direction of the dis- 
placement. A force f, on the lead will cause a displacement b, which wi 
in turn cause a reduction of pressure of the point on the wafer or possibly 
even raise the point from the wafer entirely. A force perpendicular to /, 
applied to the external lead could cause the point to move along the surface 
of the wafer, thus changing or destroying the transistor properties. Thes@ 
effects of motions transmitted by the leads through the insulation from the 
external part of the lead to the internal section of the leads may be elimix 
nated or reduced by proper design. The design being used for point-con« 
tact transistors (Fig. 21-3) at the present time avoids some but not all of 
the effects from bending and movement of the external leads. 
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Chapter 22 


INTRODUCTION TO 
DEVICE CHARACTERIZATION 


In the design of electron devices and their subsequent application to sys- 
tem functions, there are essentially three functional agencies involved; i.e., 
the circuit designer, the device designer, and the manufacturer. The cir- 
cuit designer is usually faced with various aspects of the following problems: 


(1) Selection, from those available, of the electron device which is best 
suited to perform the specific function. 

(2) Realization of optimum performance through a proper knowledge of 
the relationships between the device as an active transducer and its 
associated networks, 

(3) Presentation of his needs, should existing devices be inadequate, to 
the device designer in a quantitative form such that judgment may 
be passed upon the feasibility of device development. 


‘The device designer has then the following related problems: 


(1) Translation of the quantitative circuit requirements into the proper- 
ties of the materials and geometry of the device. 

(2) Realization of optimum performance properties of the device through 
a proper balancing of the limiting factors of the device, 

(3) Evaluation of the degree to which the device does meet the require- 
ments and, in cooperation with the manufacturer, provision for 
quantitative data by which the circuit designer may obtain optimum 
performance from the device, 


‘The manufacturer has the following general problems: 


(1) Production of the device in the required quantities on an economical 
basis, f 

(2) Determination on a continued basix that the device meets the re- 
quirements established, 


In the interrelations among the cireuit designer, the device designer, and 
® manufacturer, it is eaxential that the device be characterized or toch 





TION 
452 PRINCIPLES OF TRANSISTOR PERFORMANCE CHARACTERIZA 


ically described in a common language in which the Vale ae 
fined rder that there be mutual understanding. Further, ag 
a. must be in terms of measurable, quantitative parameters, pre 

isti ice alone. ; 

pig Aesop aa sales is characterized is generally a foe 
both ite device and its applications. Simpler devices ee 7 sonata 

i ler characterizations; the fewer the variables, the fewer the « a 
istics whi h eed to be defined. A device which has wide applications a 
oi oe letely characterized than one which has applications "4 i 
on ea : only It is of economic advantage to employ a a a 
widely vel i widespread applications may result in an uneconomic situ, 

’ 


: inal aa 
tion wherein controls established for parameters essential to marginal ap- 


- ation 
lications may be controlling in yield factors. Dade ae 
neta the original application and limit the device in 
oo characterization, in the sense of a description x bes devi 
behavior under every conceivable condition and Sn ae if 
tions of the variables, is neither practical nor conceiva y 2 
ected, rather, that the characterization will be approxi i ) 
a th de ree which is both necessary and sufficient wit in p re 
pra ade ° Further, it is to be expected that there will be a “ ee - 
distribution in characterization values about ee none _ 
which reflects the degree of reproducibility of the tie ' A ‘appa 
acterization should be approximate is entirely prope : ee 
oh terization is the economic solution to the prob em on | ne ‘ 
Gas In fact in the latter sense, the solution is just that which is a 7 
at ne It is imperative, however, that all parties oon tt 
eee understand the objectives, assumptions, and degree of app 
ieee of a device may be divided into three categori 


(1) Mechanical characterization ee oe became 
i ther dimensio f 
lor codes, length, width, and otk ¢ 
(2) Pdoniinnee characterization which describes te behaviona 
device as an active circuit element under normal am 
tal conditions. ; : ‘ 
(8) Reliability characterization which describes the mens pea 
as a function of time under various conditions o p 
shock, vibration, atmospheric environment, and so on. 


Although of considerable pore ane quite. bee aie a 
i hanical characterization will not be oc I 
Muchauteal iia will be treated only insofar as applicable to 
iabili terization. iv 
ee 9 it was suggested that the properties of a device migh 
expressed analytically as 


tw = Zu (81, 89, 83, °°") 8nj bi, bo, ba, a Sd by) ( 
where ¢) ia a generalized terminal parameter; the variables a; rep 
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structural, material and process variables; and variables b; represent the 


d-c biases of current and voltage under which the device might operate. 
Performance characterization is then the numerical evaluation of Zu» under 


the conditions of fixed values of the variables 8; and over the necessary 
and sufficient range of the variables b;. 


As has been brought out in Chapter 9 
variables s; are dependent upon one or 


“1, €2, €3, ***, €y, Where the e’s represent conditions of humidity, tempera- 

ture, vibration, ete. Furthermore, the time derivatives of these s’s are 
also functions of the e’s, Thus, the position of a junction may change with 
time as the donors and acceptors diffuse, the change being temperature- 
dependent. The terminal parameters z,, are therefore implicit functions 
of time, and reliability characterization is the numerical delineation of the 
behavior of the terminal properties with time, over the necessary and suffi- 
cient range of the variables €1, €2, €3, +++, Cy, 

Since the variables s; will inherently involve statistical variations about 
nominal values which are directly related to the degree to which measure- 
ments and processes may be reproduced, it is evident that the device 
purameter z,, will also vary statistically about a nominal value. It is 
therefore to be concluded that the characterization of a device must in- 


vitably be concerned with not only the nominal parameter values under 
the several conditions of the variables b; and €n, but also with the statistical 
(deviations from the nominal values—i 


in other words, with the reproduci- 
bility of the device. 


The balance of this chapter will be concerned with the principles of per- 
formance characterization as applied to devices in general. Some considera- 
lion will also be given to the techniques of specification which, broadly 
speaking, consist of the determination of the necessary and sufficient extent 
of the characterization of a device to define it uniquely under the condi- 
lions of (1) a recognition of the realism of the statistical variation of param- 
tlers about nominal values leading to the establishment of reproducibility 
limits, and (2) a recognition of the economics of the extension of the char- 
wlerization in order to define the device for a class of applications rather 
(han to a limited range. Applying the principles of Chapter 22, Chapter 

#4 will discuss transistor performance characterization specifically, leading 
(0 the measurement methods and techniques of Chapters 24 and 25. It is 
lo be recognized that transistor characterization and methods of measure- 
Mont are still evolving, particularly in the case of large-signal characteriza- 
lion even though standards are beginning to become available. * Part V 
Will take up the principles of reliability characterization and some methods. 


Hore, as might be expected, the presently available information is some- 
What less extensive, 


, Some of the structure and process 
more of the environmental variables 


— TS 


* Tnatitute of Radio Mnginoers, “Standards on So 


lid State Devices: Methods of Tost 
Hi Transistors, 1956,” Proc, TRE Vol. 44 (Novemb 


or 1G) pp, 1642-1561, 
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22.1 PRINCIPLES OF DEVICE PERFORMANCE 
CHARACTERIZATION 


The device designer, the circuit designer, and the device manufacturer 
have a very distinct common objective: to apply the device successfully to 
a system function. Success is interpreted here as being an optimum solu- 
tion in which performance requirements are met with good margins on an — 
economic basis. The circuit designer has the functional responsibility of 
producing a circuit which, with a given device, will result in satisfactory 
operation with the widest possible tolerance in parameter values. The 
manufacturer has the obligation of producing the device most economically 
under the conditions of agreed-upon limits placed upon the variations of 
the parameters. He has also the responsibility of making a judicious de- 
cision as to the extent of the characterization. As a minimum, the charac 
terization must be such as to define the device uniquely for those applica 
tions to which he is obligated. He may secure an economic advantage b 
extending the characterization beyond these obligations in order to obtain 
more widespread application of the device. He may, however, overextend 
the characterization in an attempt to include marginal applications which 
may result in poor yield and hence in poor economics. 

The device designer has obligations to both the circuit designer and the 
manufacturer. It is his responsibility to choose and balance the propertie# 
of materials and structure and processes as to result in an optimum strué 
ture which simultaneously permits satisfactory operation and economi¢ 
manufacture. To accomplish his function, the device designer must there 
fore be fully cognizant of the problems of both the circuit and manufaé 
ture. Obviously the circuit and device designers and the manufactu 
constitute a team in which, during the exploratory stages, the device ant 
circuit designers are closely associated. When the device has been defin 
and is being produced in quantity the relationship is primarily betwe 
the circuit designer (and the user) and the manufacturer. 

In the early development stages of a new device, and particularly wher 
new phenomena are being exploited, both the circuit designer and the d 
vice designer will want much more information than they actually 
since in general they may not know what they need and are interested 
exploring the reaches of the device in any event. At this stage, economit 
is of secondary consideration and information is of primary cone@ 
Therefore the device engineer may well pile up reams of data on materialt 
processes, and parameter values until he can, either by a suitable de 
theory or by experimental statistical methods, determine the necessary 
sufficient controls. 

An equal effort is supposed on the part of the circuit designer in redue 
his circuit requirements of gain, power, signal-to-noise ratio, bandwid 
and so on, to device parameters which are independent of the system 
vironment. This he may frequently do by reducing his requirements 
device figures of merit which are functions of the device alone such 
available power gain, gain-band product, and power-band product, St 
dovice figures of merit will be employed by the device designer to eval 
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competitive designs, and, when he has broken the figures of merit down 
into simple device parameters, as design criteria which are to be optimized 
by manipulation of the elementary factors which enter into the figures of 
merit. Equally, the device designer must in turn relate the properties of 
materials, structure, and processes to the simple variables which make up 
the figures of merit in order that he may knowingly create an optimum 
design. The implication is clear that until the device designer can and 
does reduce device characterization to a unique set of simple variables, he 
must operate at best with device figures of merit and at worst with circuit 
figures of merit. 

The use of circuit figures of merit, such as the power output of an oscil- 
lator or the gain of a circuit, involves the characterization of a device ina 
particular circuit environment. The additional circuit parameters, by in- 
troducing extra degrees of freedom, make an orderly, analytic approach to 
development much more difficult. Since even separate, simple device pa- 
rameters usually involve a multiplicity of simple variables of materials 
structure, and processes, the characterization should be as closely and sim- 
ply related to the physics as possible. A characterization which is inde- 
pendent of circuit environment is much to be desired. 

When a device is in production, the manufacturer is also concerned with 
having a simple, unique characterization which in turn is as simply related 
to the device physics and process as possible. His objective is somewhat 
different from that of the device designer, however ; he is interested not in 
manipulating the device parameters, but rather in keeping them constant 
and with small deviations from design centers. He may, of course, guaran- 
(ee the quality of a limited application by testing for device figures of 
merit or, in the extreme, for specific circuit performance. Although such 
lost procedures will seriously limit the field of application, figure-of-merit 

or performance test criteria will invariably result in the highest possible 
y ield for a given set of parameter variations. In addition to the loss of a 
wider market, he also pays when process control of the product is lost, as 
ix not unlikely, since he has no knowledge of the relationship of his proc- 
oases and the multiplicity of variables involved in his quality criteria, any 
one of which may be the source of his difficulty. In modern production 
process “busts” can be very costly and it is likely to be more economical to 
keep a continued record of a high degree of control. The possible use of 
wumpling plans and the assurance of the maximum market despite the 
immediate cost of more extensive characterization and testing may well 
inaximize the economics. 
‘The foregoing discussion leads to two conclusions which may be employed 


(assumptions upon which to base choices of methods of performance 
vharacterization: 


(1) During the development stage, the method and means of perform- 
ance characterization may include considerable redundant informa- 
tion, since as much information as feasible is needed by both the 
circuit designer and the device designer, Until both become sulfie 
ciently knowledgeable, there may even be information obtained 
Which is later detormined to be useless, Tho objective tn clear, hows 
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ever: the performance characterization should eventually be given 
by a set of simple parameters, as closely related to the device physics 
as possible, which uniquely define the device performance for the 
application. Characterization in this form represents a common cir- 
cuit-device language. The device designer may then analyze further 
to relate such parameters to the variables of materials, structure, 
and processes. The circuit designer must in turn relate these simple 
device properties to circuit performance. 

(2) When development is complete and the device is in production, the 
consideration is largely economic in that the characterization should 
be only that which is necessary and sufficient. Over-characteriza~ 
tion for an original application may be desirable to secure the opti- 
mum market for the device. Attention must be given to the employ- 
ment of the simplest and the most economical method and techniques 
of characterization. 


22.2 SMALL-SIGNAL PERFORMANCE CHARACTERIZATION 


A detailed consideration of the nonlinear nature of the current-volta 
relationships of electron devices is usually not necessary and would 
costly in complexity and expense. Rather, what is done is to assume that 
the current-voltage relationships are reasonably linear for small departu : 
from nominal bias points. If the signals are small enough, the approxima 
tion is sufficiently accurate, being precise in the limit. For signals whie 
are fairly large, as in power amplifiers, the approximation is still made, bu 
reference is made to an additional measure, distortion. Distortion m 
urements or calculations provide means by which the degree of departu 
from linearity may be evaluated. 

In large-signal applications, all or nearly all of the range of the char 
teristics of the device are employed. The departure from linearity is ve 
high; in fact, the essence of the application is in the degree of nonlineari 
involved. For such cases, the linear approximation is insufficient, 
other means, which will be discussed in Section 22.4, are necessary. 

For small-signal performance characterization, all that needs to be do 
is to relate the behavior at the terminals of small current-voltage va 
tions under prescribed conditions of bias. This in essence provides all the 
information the circuit designer needs to know of performance characte 
zation. The balance of the problem consists of choosing the particu 
means of presenting the information. The objective is to present the devi 
behavior in terms of parameters which (1) are convenient to the circuit 
signer in relating device behaviors to circuit performance, and (2) enab 
the device designer to relate the parameters to the device internal structu 
and material properties. 

Examples of such parameters are the short-circuit admittances used 
some electron tubes and the open-circuit impedances used for some t 
sistors. The most important case, that of the two-terminal pair netw: 
is completely specified by four such parameters or functions (Ref, 1).* 


* Roferencon cited are listed at the end of the chapter, 
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Consider, then, the generalized two-terminal pair network depicted in 
Fig. 22-1. For the moment, nothing is assumed to be known about its 
internal structure. It is desired to determine in principle from measure- 
ments made only on its externally available terminals 1-1’ and 2-2’, a set 
of parameters which uniquely determine the behavior of this box in any 
arbitrary environment, that is, subject to arbitrary terminations, Y,, [,, 
and Yg. When such a transducer is connected between a generator and a 
load as shown in Fig. 22-1, there are four quantities, V1, 11, V2, and I», 
which, as complex frequency functions, completely specify the steady-state 
performance of the device as a network. In the most general case, the re- 
lationships between these quantities are nonlinear. 







ELECTRON 
DEVICE 


OC CASE 


I=; Move) ben 


Vy =r4(1;, Ie) 
I2= g2(\y, Va) (2) 


V2=02(I;, Iz) 


GENERAL CASE 


Vy Va 


T, =U, (Vj, Vas PVy> PVos Pp po) a ae 


VY, = 2, (1, Iz,pl,, pla, p? pr) 
(3) Li. (4) 
Vo = Za(1;, 12,PI;,Pla, oe pr) 


VY: 
In=y2(V,, Vo, pv, PV2, p> pe) 





Fig. 22-1 Four-pole terminal current-voltage relations. 


Of the four variables, only two are independent since, if any two are 
wompletely specified, the other two are determined. The network may be 
(lescribed in terms of any two variables and, since there are six possible 
ways to choose a pair of variables from a set of four, there are six ways of 
dloscribing the device as a network. 

In the case of electron tubes, the voltages on grid and plate are usually 
(akon as independent variables, and the grid and plate currents become 
functions of these voltages as shown in (1) of Fig, 22-1. It becomes natural 
lo measure tubes with voltage-regulated power supplies having low im- 
pedances, and one is led naturally to describe the tube in terms of short- 
viroult admittances, ‘Transistors having intrinsic current gain may oscillate 
When terminated in low impedances (Ref, 2), Just as tubes may be open- 
vireuit unstable, transistors having current gain may be short-circuit un- 
sable, and it becomes natural to measure such transistors with highsime 
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pedance, constant-current terminations; i.e., to consider the currents as 
independent variables, thus leading naturally to a description of the tran- 
sistor in terms of open-circuit impedances. In Chapter 23, it will be shown 
that there are exceptions to this rule, as in the case of the n-p-n transistor 
which is unconditionally stable. Such devices may be represented by 
either method; usually the choice depends upon the range of parameters 
and the type of circuit application. 

For these reasons, it is more appropriate in the case of some transistors, 
particularly where there is intrinsic current gain, to use the currents as 
independent variables, in which case equations (2) of Fig. 22-1 are the 
nonlinear, functional expressions for the emitter and collector families of 
static characteristics for the transistor. 

The static characteristics, and consequently the relationships (1) and (3) 
of Fig. 22-1, are valid only for the a-c equilibrium case in which any changes 
in the parameters are very slow with respect to time. In the general a-¢ 

~ case, these functional expressions must contain derivatives and integral 
as shown in (3) and (4) of Fig. 22-1. Such information is, of course, not 
represented by the static characteristics. 

Consider first the d-c or low-frequency case; the results may be extended 
to the general a-c case. The functional relationships of (1) and (2) of F ig. 
22-1 may be expanded in a Taylor’s series giving the relationships between 
only the incremental variations from equilibrium d-c biases. Thus, taking 
(2) as an example, and defining 1), ve, 71, and 72 accordingly as incremental 
variations, 


OV: . OV; 

Lay “T aI, tg + (22-2) 
O9V2.  OVe 

ee ae a (22-8 


If the variations from the equilibrium biases are small enough, high 
order terms may be neglected. Hence, 


% = Ty + Tigte 
Vg = Tait1 + Tegt2 


where the parameters are identified as 


_ Ovi 
0" Tr 
0s 
_ OVe 
‘1 = a 

OV» 
Too, ™ @lo m 
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Fig. 22-2 Transistor static characteristics. 


The r’s of equations (22-6) to (22-9) are the open-circuit driving point 
and transfer resistances of the network. They are to be identified with 
the slopes of the appropriate static characteristics, as for example in Fig. 
22-2 where the open-circuit characteristics of a transistor are presented. 

‘The relationships of (22-4) and (22-5) may be generalized to include fre- 
quency behavior by replacing the r’s with z’s which include the reactive 
offects. Justification for this replacement is given in the appendix to this 
chapter (Sec. 22.7) along with a more complete treatment of the Taylor’s 
series expansion to obtain the first-order coefficients. 

Since an active linear network is completely specified by any one of the 
nix sets of coefficients such as the g’s or r’s, the small-signal performance 
characterization is complete when the short-circuit admittances or open- 
circuit impedances are specified, Equations (22-4) and (22-5), for exam- 
plo, constitute a complete analytical description of the linear low-frequency 
hehavior of the device for small signals, When terminations are given, the 
linear circuit behavior may be completely caleulated, In principle, the 
only additional information required ia a knowledge of the biases and the 
degree of approximation involved when the signals are not of differential 
order, ; 
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It is helpful from the viewpoints of the circuit designer, the device de- 
signer, and the manufacturer to consider the terminal equations of (22-4) 
and (22-5) as the network equations of simple four-element equivalent cir- 
cuits for the device. Such equivalent circuits provide a pictorial means of 
visualizing the network behavior of the device in synthesizing various cir- 
cuit functions. Moreover, if the elements of the equivalent circuit bear a 
close topological correlation to separable physical and electronic functions 
of the device proper, they are also helpful to the device designer in syn- 
thesis of the device to prescribed characteristics and to the manufacturer 
in maintaining a controlled reproducibility. For any prescribed set of 7’. 
and 2’s, there are an infinite number of equivalent circuits to choose from. 
Among the different circuits are usually some whose elements have espe- 
cially simple behavior with bias and frequency. Moreover, such simplicity 
is usually the result of a close relationship of the circuit elements to separa 
ble physical regions and electronic functions of the device proper. Equiva 
lent circuits for the transistor are discussed in Chapter 23. 
In general, the r’s or other parameter sets will not be constant with 
operating point; hence, the biases at which the slopes are measured musi 
be defined in order to establish the d-c locations of the regions in whi¢ 
the parameter values are valid and to supply information necessary to é 
tablish operation in such regions. The characterization can, in principlh 
thus be extended to the degree necessary by the determination of sufficient! 
sets of coefficient values at appropriate biases. In most electronic devices 
the degree of linearity and the limits of economy are such that one set ¢ 
coefficient values at a nominal mid-range bias is usually sufficient for mow 
practical purposes. Information is also often provided to indicate 
boundaries of the “reasonably linear” ranges as by cutoff bias values, etd 

Very often, in cases such as power operation, the range is not sufficienth 
small-signal to justify the elimination of the higher-order terms of (22+! 
and (22-3). Operation in a linear mode (Class A) is usually desired wil 
an upper limit of departure from linearity as established by system requir 
ments. The degree of departure may be measured by estimates fron 
typical families, from several sets of coefficients at suitable bias points, ¢ 
by measured values of distortion products. 

At the other extreme, as signals are reduced to small magnitudes, par 
turbations in the device currents and voltages may result in random } 
havior of the output so as to effectively mask the desired signal. Deter 
mination of such limitations is made by measurement of the noise in tert 
of a suitable reference, e.g., the noise power of an equivalent resistor or 1 
voltage of an equivalent noise generator. 

The requirements for performance characterization with frequency of) 
be divided, roughly, into three ranges: (1) applications at frequencies suff 
ciently low that the terminal reactive effects are negligible or are of 
concern at the most; (2) applications where the reactive effects may 
important, but are not dominant; and (3) applications where the readth 
effects are dominant and the frequency behavior is, therefore, of pr 
concern, 


The characterization required in the first or lowefrequency range is 
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as already given as the r’s or g’s of the complex z’s and y’s.* The only 
additional information required is to establish the upper frequency for 
which the approximation is valid. This may be done usually by consider- 
ing interelectrode capacitances. 

The second or mid-range may or may not require complex parameters. 
If not, the interelectrode capacitances will need to be known with greater 
accuracy than in the first range. Also, some indication of the validity of 
computing frequency performance in terms of the static reactive effects 
will be required. This may be done as by a simple statement of cutoff 
frequency or by a typical plot of the parameters as a function of frequency. 

The third range requires the most accurate characterization with fre- 
quency. In this range it may be anticipated that there will be marked 
changes in the parameters which cannot be explained by simple static reac- 
tive elements. The changes usually may be traced to one or both of 
(1) dynamic limitations of the device, as by electron transit time in tubes, 
or (2) the effects of the passive coupling circuit (external and internal) con- 
necting the actual dynamic portion of the device to the device terminals. 
Characterization in this range is appropriately accomplished by means of 
the complex parameters, as for example by the z’s or y’s. Approximations 
which are valid for particular cases may be made, provided the approxima- 
tions are clearly indicated. For example, it may be sufficient to charac- 
terize only the parameter which is most critical in behavior with frequency, 
{\8 291, for example, and express the other three parameters in terms of the 
real part only. 

lor specification purposes, it may be appropriate also to provide “typi- 
cal” plots of the complex parameters as functions of frequency, with indi- 
vidual testing at a spot frequency. 

Some measure of frequency behavior has been given in the past in terms 
of performance as an oscillator at upper limits. Unfortunately, so many 
variables, both circuit and device, are involved, that such information is 
little better than a guide in performance characterization. , 
22.3 


PERFORMANCE CHARACTERIZATION BY FAMILIES OF 
CHARACTERISTICS 


The presentation of device data in pictorial form as families of charac- 
teristics is both one of the oldest and for certain purposes one of the most 
useful forms of performance characterization. Complete information relat- 
ing the behavior of the terminal currents and voltages over the entire use- 
ful range is not only made available, but consolidated in a very compact 
form, Presentation in the form of families is appropriately made where 
oxploratory device or circuit designs are involved and it is desired to afford 
the maximum amount of information, 

Characterization by means of families of characteristics is usually limited 
to deo or static conditions, and it is tacitly assumed that the user is fully 
aware of the limitation, In many instances an upper frequency limit is 


* Hoo “Standards on Electron Tubes; Methods of Tosting,'' roe, nat, Radio Rngra, 
(1060) p, 085, 
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quoted, below which the families are assumed valid. Where reliability 
factors are highly important under ambient conditions, as for example tem- 
perature in certain gas tubes, families may include such factors as param- 
eters. 

It would seem to be an economic impossibility to characterize each de- 
vice in production by a set of static characteristics; what is done, however, 
is to characterize the type by so-called “typical” families which are repre- 
sentative of the type although very unlikely an exact representation for 
any particular device of the type. Typical families are primarily intended 
as guides to the circuit designer and must be so interpreted and employed. 

For the case of four poles, the representation is of the functional relation- 
ship, choosing the currents as independent variables—for example, 


Vi = fi(h, Ie) 
Ve = foi, Ie) 


Four families are thus implied as 


(22-10) 
(22-11) 


(1) Vi = fi1(Z1) where I» is assigned parametric values 
(2) Vi = fie(I2) where J, is assigned parametric values 
(3) V2 = foi(Z1) where Ig is assigned parametric values 
(4) V2 = foo(Z2) where J, is assigned parametric values 


(1) is the input characteristic, (2) the reverse transfer (or feedback) 
characteristic, (3) the forward transfer characteristic, and (4) the outpu 
characteristic. A typical set of characteristics for the transistor is shown 
in Fig. 22-2. The slopes of these curves, df;/dI;, are the correspondi 
open-circuit resistances, 7;;. 

Strictly speaking, if the assigned parametric values of the second varia 
ble are sufficiently incremental, only two families are required. The inpu 
and reverse transfer characteristics thus contain the same information 
similarly, the information contained in the r2; plot is equivalent to that 
the rz2 plot. The two-dimensional representation is really an approxi 
tion to a three-dimensional relation, i.e., Vi = f1(J1, Ia) for example. Thi 
two-dimensional plot thus represents slices or contours taken from t 
three-dimensional diagram. 

Derivation of rj. data from the 7; plot, and of 7; information from 
the raz family, and vice versa, can be done; but this is apt to be inaccurate 
does not delineate the behavior of the separate coefficients too well, an 
requires a certain amount of effort in derivation. Therefore the complete 
set is deemed most desirable although highly redundant in information, 

Electron tubes are usually represented by two families—output (1/tp 
and forward transfer (g,) as illustrated in Fig, 22-3. In the case of ne 
tive-grid tubes, 91; and gj2 are assumed zero over the useful range. 

The introduction of additional electrodes, as a screen in tubes, ma 
the presentation of data in complete form almost impossible from the vi 
points of both presentation and interpretation, Practically, an app 
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Fig. 22-8 Electron-tube static characteristics. 


mate solution is formed by considering the behavior of the additional elec- 
trodes as parameters affecting the behavior of a ‘normal’ three-electrode 
wet, Examples are variations in vacuum-tube plate resistance and trans- 
wonductance with screen voltage, or the plate-current cutoff with suppressor 
voltage. The last example is illustrated in Fig. 22-4. 

Iamily data in other forms are also often employed as by the examples 
in ig, 22-5. Here the slopes, or derivatives of the static characteristics, 
are presented as functions of the biases. An object of presentation of slope 
(ata is to provide better insight into the degree of nonlinearity involved. 
In the yo; family of the upper part of Fig, 22-3, for example, values of the 
slope, OF gm, can be obtained with some appreciation of Og,/AV, or d7/,/ 
OV? A presentation of gm as f(Vy, constant Vos aw in Fig, 22-5, permits 
direct evaluation of gm, and values for 6"7,/8V" ean be determined with 
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Fia. 22-4 Electron-tube static characteristic. 
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Fig. 22-5 Derived electron-tube characteristics, 
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some appreciation for d°J,/dV,*. Thus the information pertaining to the 
degree of nonlinearity—and hence to distortion—has been increased by 
one order higher in the series. 

Characterization in terms of slopes or derivatives automatically excludes 
the d-c term which is of course necessary. Therefore slope characteriza- 
tions must include additional information in order to establish bias values. 

Where devices are normally employed with a variety of terminations, it 
is most convenient to present data in the form of either short-circuit or 
open-circuit terminations or combinations. Terminations which are inter- 
mediate between the two extremes are of course possible, but inherently 
involve the selection of load values with consequent problems in determin- 
ing performance with other loads. The arguments for the selection of inde- 
pendent variables are identical to those for the small-signal representation 
of Sec. 22.2. 

Some transistors in which the inherent current gain is greater than unity 
may be short-circuit unstable. The characteristics in such cases may be 
double-valued in voltage, and hence the characteristics should be taken 
With current as the independent variable or in the open-circuit termina- 
lion, Early workers who attempted to carry over electron-tube techniques 
of measurement to transistors did not always appreciate the difference in 
stability criteria, and either ruined the transistors or obtained characteris- 
lics which might vary wildly with slight changes. This subject is discussed 
further in the next chapter. 


22.4 LARGE-SIGNAL CHARACTERIZATION 


Historically, the performance characterization of large-signal devices has 
loaned heavily on families of characteristics and performance figures-of- 
merit. That this should be true is no accident; large-signal applications 
wmploy wide ranges of current-voltage characteristics, and a high degree 
of nonlinearity is involved which renders difficult a direct analytic attack. 
Awa result, attention has been given to the presentation of the device be- 
hvior in graphical form to aid circuit design (Ref. 3). The state of knowl- 
wilge is such as to force both the circuit and device designers to proceed by 
experimental means, being deprived largely of analytic methods, although 
some analytic attacks have been made which involve essentially linear ap- 
proximations to the characteristics. The lack of a classical large-signal 
analysis also results very often in failure to specify essential parameters 
Whose functions may not be appreciated. The situation strongly favors 
spocification by performance figure-of-merit, with consequent problems in 
vontrol of characteristics. 

One approach to the problem of large-signal performance characteriza- 
lion is to neglect minor nonlinearities and to concentrate on the major 
fonlinear problems, leaving the small nonlinearities to later reconsidera- 
(ion or to reformulation of the method, By intuition and experience it 
fooms clear that large-signal applications, which may be taken synony- 
Mously with nonlinear applications, involve in one way or another at loast 
wo and often three regions of operation in which each rogion ix defined by 
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a set of parameters. For example, in a Class C amplifier, the tube is nor- 


mally biased to beyond plate-current cutoff, corresponding to say, Region I, 
With increase in grid bias the operating point is driven into an active 
region, Region II, where the normal set of parameters pertain. Should 
there be overdrive, the tube might be driven into current saturation. \ 
true current saturation in terms of cathode limitations is seldom employe 
and the behavior is rather an overload brought about usually in tubes b 
grid limiting. The essential consideration is, however, that there may well 
be a third region, Region III, of overload in which the device is essentia 
passive. 

When the operating point is in Regions I or III, the device as a cire 
is essentially passive or at least relatively so, and when in Region II it 
active with normal gain features. Thus the Class C amplifier, when 
Region I, is passive and does not respond to small changes in input voltage 
in Region II, however, the output is essentially linearly related to the inpwi 

It is reasonable to suppose that the essential feature which betokens th 
change in properties from passive to active to passive in turn must rela) 
basically to the transfer property. That such is the case in tubes is ge 
erally understood. When the negative grid bias is in excess of a criti 
value, the plate current is cut off and there are no active properties. Sim 
larly when the grid voltage is increased beyond some limit, control of th 
plate current is lost. 

The suggested method of attack is to divide the entire device charac 
istic into three regions, the division between regions corresponding to 
points of discontinuity in slope of the transfer characteristic. The divisi¢ 
in terms of the g» or transfer characteristic for tubes is shown in Fig. 22: 
The idealization shown in the lower part of Fig. 22-6 assumes that mini 
changes of slope are of secondary importance and ignores them. 
idealization assumes that the characteristics are linear in each region @ 
have slope values which represent an average of the actual case. I 
further assumed that the change from one region to another is by defin 
discontinuities, whereas in the actual case the transitions are “smooth 
Considerable latitude has been taken for purposes of illustration in If 
22-6 with respect to the current saturation portions of the characteri 
grid limiting would undoubtedly be required to produce the low curt 
saturations shown. Discussion of the transistor case is given in Chapter 

The balance of the problem is to choose sets of slope values and d-¢ @ 
rents and voltages to characterize the device in each of the three regit 
Region II, the normal region of employment as a small-signal device, ¥ 
be characterized by essentially the same set as for small-signal operath 
If the slope values are not too constant, two sets or other means may 
required in order to obtain an average. The parameters which reg 
characterization in Regions I and III are likely to differ for different 
vices. For example, the y1, of a tube in Region I may be assumed # 
whereas the Region I 7}, of the transistor is finite and must be eval 

More detailed considerations are often necessary at the boundaries 
the regions join, For instance, in the tube case, the control for the f 
I-Region IL transition might be a measure of the cutoff » and comp 
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Iq, 22-6 Broken-line idealization of transfer characteristic. 


to the Region IT mid-range yp. Or, assuming the Region II y to be fairly 


Honstant, the control might be imposed b i 
, Yy & maximum plate current at 
be cutoff grid voltae, In the case of the transistor, the dail neeg ut 
Woon regions are characterized by a measure of th 
(incussed in Chapters 23 and 25, iamaiamne ss Property as 
A conclusion which is quite clear is that whe i i 
rhick n dealing with large-signal 
tlovices and applications, the circuit and device designers and the a 
(turer must reconcile themselves to dealing with more information and 
neo With more specifications than when small signals aro concerned, 
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This conclusion follows directly from the mode of employment which 
over a much wider range of the device characteristics, embodying at least 
two and often three distinct sets of parameter ranges. 

The three-region broken-line method of performance characterization ha 
many limitations and should not be construed as a final method. Rather, 
it is believed that the reduction of large-signal analysis to a classical stat 
is only in the beginning or at most in transition. In particular, the trans 
tions from one region to another may be of controlling interest in trigger 
type pulse applications. In principle, any degree of accuracy required ¢ 
be obtained by approximating the actual characteristics with addition 
broken lines; the burden of computation may become extreme, however, 

Frequency behavior may be considered in the same fashion as in t 
small-signal case with a word of caution. The large-signal frequency h 
havior is not as simple as that of the small-signal case, and considerati¢ 
must be given to each of the regions and to the two transitions betwet 
regions as well. 


22.5 PERFORMANCE CHARACTERIZATION BY 
FIGURE-OF-MERIT 


The formulation and employment of circuit and device figures-of-me 
are quite advantageous to the circuit and device designers. Figurese( 
merit measure the relative performance of devices in systems, with resp 
to particular characteristics; for example, gain-band product for wide-h 
applications (Ref. 4). Figures-of-merit provide the means by which 1 
circuit designer may evaluate, select, and improve competitive designs 
a given performance criterion. For example, the circuit designer may f 
that gain is of major importance in his application. For given sets of de 
characteristics, he may thus optimize his design for the desired result, 
turn the device designer may reduce gain to a device figure-of-merit, ther 
to device properties, and in turn to properties of device structure and 
terials in order to optimize the device design. Circuit figures-of-merit 
so called because they include external circuit elements in the over-all jj 
formance, while device figures-of-merit are expressible as properties of 
device alone, without external circuitry. 

In short, figures-of-merit are tools and are highly useful when empl 
as such. When employed as means to characterize device performané 
the absence of other more elementary characterization, there are disad 
tages. Where the behavior of the device parameters which enter into t 
over-all figure-of-merit are not known, applications to other modes of 
ployment are not possible where this particular figure-of-merit is not 
plicable. The fact that one can produce a given power output at a gl 
frequency, for example, serves very little to help the circuit designer 
is considering a small-signal, broadband problem. Nor would the po 
output figure-of-merit data help the device designer in optimizing pert 
ance for the broadband problem, The data would be useful to the ¢ 
designer in optimizing power output, but even here the procedure W 
be largely experimental and intuitive until he reduced power outpt 
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properties of materials and structure. Furthermore, the performance in 

this case is very much a function of the circuit environment. Data so ob- 

tained are very likely to be not all applicable to other environments, even 
though they may be of the same general type. 

There are, however, some valid employments of figure-of-merit charac- 
terization for device performance. These relate in conceivable cases to the 
state of ignorance. The relation of figure-of-merit performance to device 
parameters may simply not be known, as for example, some of the per- 
formance factors in pulse-type operation. Such a circumstance indicates 
the pressing need for circuit and device analysis in order to determine the 
variables involved and to establish criteria which are related to elementary 
device parameters if optimization and control of the characteristics are to 
be obtained. In the absence of knowledge, if the device is to be employed 
(here is no other recourse but to employ figures-of-merit as being the best 
characterization available. 

The second conceivable condition also stems from ignorance. The de- 
vice parameters may be known, and how they are related to the desired 
performance may be understood very well. But how to modify processes 
structure, and materials to obtain the desired design centers and/or control 
may be something else. In short, the circuit design theory may be under- 
stood, but not the device design theory. In such an instance, selection of 
dlevices may have to be made on a figure-of-merit basis in order to maxi- 
inize the yield until suitable control can be evolved. 

An example of the foregoing is given in Fig. 22-7 where a stability contour 
has been shown for an a > 1 transistor amplifier circuit. Circuit stability is 
hused on an (ar,) product. Either variable can be high and yet result in 
i stable circuit, provided the other variable is so low that the product is 
lows than a particular value as determined by the circuit. The rectangle 
represents the area in which ary products might be found at a given state 
of development. Two factors are immediately evident. First, nearly half 

of the product is inherently unstable indicating the need for consideration 
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Fig, 22-7 Stability figure-of-merit texting and yield, 
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of the design and establishment of new design centers. Second, if limi 
were established on a and 7, separately, about half of the stable units 
would be rejected. Obviously an improved degree of reproducibility is 
needed also. At a given time it may not be possible either to re-establish 
design centers or to obtain greater reproducibility, and hence sorting 0 
evaluating by stability figure-of-merit is the only recourse to obtain 
sonable yields. { 

In summary, figures-of-merit for device performance are powerful too 
for design purposes. In certain circumstances they may of necessity bh 
employed as device characterization means; but when figures-of-merit ¢ 
employed to specify a device, it should be recognized that a state of ign 
rance prevails in an understanding of the circuit, device, and process b 
haviors, separately or in combination. 


22.6 THE STATISTICAL NATURE OF PERFORMANCE 
CHARACTERIZATION REPRODUCIBILITY 


It can be stated heuristically that the characterizations for device pai 
eters of a given type will vary from one device to another even though ¢@ 
siderable effort is given to maintaining all of the variables as constant | 
behavior as possible. It is almost always equally true that the circuit di 
signer desires to have such variations reduced to a minimum and that th 
manufacturer desires to extend the acceptable limits as far as possible, — 

Both parties have real problems, and it is essential that each other's @ 
jectives be clearly understood. The problem is to establish limits of pf 
rameter variations, under the realism of variability, to effect a solu t 
which results in satisfactory performance and economy of manufacture, 

There are two sets of limits for every device parameter. One follo) 
natural laws and involves the statistical variations to be expected from 
controlled set of processes and materials and tests; the second is an a 
ficial limit imposed by a specification. If the specification limits are sul 
ciently wider than the natural limits, there is no problem; if not, the silt 
tion is quite apt to be uneconomic and other actions are necessary. 

The statistical approach to the problems of establishment of speci 
tion limits and as control means to assure continued quality within st 
limits has in the past few years come into general acceptance and fall 
extensive employment. It is not proposed to go into detail concert 
methods and employment here, but rather to outline some of the signifi¢ 
conclusions. Examples of the statistical method for the determination 
the control of processes are given elsewhere in this Part and in Part V, 

Basic to the statistical concept is the proposition that the measured 
sults of a process will follow a describable distribution about the d 
_ center. In linear systems, the distribution tends to be gaussian in 

and is subject to extensive mathematical analysis. The sources 0 
variations are essentially threefold: variations in materials; variatio 
processes; and variations in measurements, Where a parameter is 
ured in one quantity and controlled in another, there may not be a 
mal law” distribution but rather a skewed effect, For example, if 
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tance is the measured quantity and electrode separation the controlled 
quantity, the capacitance distribution will be skewed. Plotting 1/C will 
result in a normal distribution. 

The term standard deviation, symbolically o (sigma), has been employed 
as a measure of the degree of dispersion or spread of a quantity about a 
design center. The standard deviation is the root-mean-square of the de- 
viations of a set of numbers from their average X. Thus, 





(X, — X)? + (Xe — X)? --- (X, — xX)? 


n 


(22-12) 


2 If o is large, the dispersion is large; if o is small, the dispersion is small. 
I'he standard deviation is thus a measure of the relative dispersion of pa- 
rameter values and hence is a measure of the reproducibility of a process 
Ideally, the deviation refers to a complete universe of measured values and 
represents the dispersion to be expected on a statistical basis wherein the 
processes are controlled.* Thus o does not in itself tell us whether a proc- 
ss is in control or not, which information is based on deviations from the 
uverage on a day in, day out basis, but rather is a measure of what might 
he expected from a given set of processes under controlled conditions. 
| he natural limits for a process are normally established as being +30 
As illustrated in Fig. 22-8 (Ref. 6). The arbitrary choice of +3¢ limits in 
offect accepts approximately 99 per cent of the product. 
Once the statistical universe for a parameter has been established, day- 
hy-day or lot-by-lot deviations from the average may be employed to de- 
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termine whether the process is in control or not. Since the 3c limits indi 
cate the degree of dispersion to be expected under controlled processes, an} 
subsequent change in the average indicates changes in the processes. The 
normal mechanism is to establish control limits as +30/+/n, where n i 
the number of units in succeeding samples, and to require that the average 
of succeeding samples of n fall with the +30/+/n limits. The interpre 
tion is simple. If the averages for a sample fall outside of the +3¢/V 
limits, there will be, on a statistical basis, units which fall outside of 
process -+3c limits and hence do not belong to the original process univers 
If the variation of the lot averages is random and within the +30/ 
limits, the processes are deemed to be in control; if the variation is § 
temized, it is apparent that the change is orderly and may represent 
unintentional change in design-center objectives or deterioration of proce 
control means, such as wear of jigs and fixtures and so on. In the randor 
variation, the causes are presumably not assignable and the variation 
resents the degree of variance to be expected. Where the changes a 
orderly, there are presumably assignable causes; hence, it is in prineip 
possible to correct the process. 

There are a number of important conclusions to be drawn. 


(1) If a process is in control, which is to say that the variations in 
rameters on a long-term basis fall within the +3c limits, then tl 
very best that can be done with that process is being done regardl 
of the actual magnitude of the +3¢ natural limits. 

If the magnitudes of the +30 limits are too great to be acceptah 
no amount of tinkering with the processes to improve the contr 
will help: the best that can be done is already being done. What 
necessary is to find new processes which, with control, result 
smaller +3¢ values. 

Excessive +30 limits may sometimes indicate the presence of 
known variables whose behavior and effect upon the process are 
portant. Discovery and control of the unknown variables constitu! 
a new process. 


(2 


wa 


(3 


wa 


So far as device characterization is concerned there are two signifid 
conclusions: first, there will be a statistical spread of characteristics; # 
ond, when processes are “‘in control,” the deviations so obtained represt 
the best that can be done with the given process. Should the variation 
obtained be greater than those which are acceptable, there are but 1 
alternatives: either improve the process or accept the reduced yield. 

The establishment of specification limits must be a joint enterprise }} 
tween the device user (primarily the circuit designer) and the device 
facturer (and the device designer). The circuit designer must deterny 
the extent of variability which he may reasonably tolerate. This does 
mean in any sense that he assumes the worst possible case and then 
poses a limit on the device. Rather it means, in principle at least, t 
is afforded with the best statistical knowledge of the variations to b 
pected in all his components and then on a statistical basis estab 
maximum and minimum requirements (Ref, 5), Such conclusions 
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based not on the most adverse case possible, but rather on the most adverse 
case expected. The manufacturer has the obligation of supplying sufficient 
data to define the statistical variability of his devices under the proposed 
processes. 

Present opinion is to establish natural parameter limits at the -+-3¢ 
points (Ref. 6) which in effect rejects only a small part, less than 1 per cent 
of the production, as shown in Fig. 22-8. Marked differences between 
natural limits and specification limits will arise under essentially two con- 
ditions. In the first case, the desired and actual design centers coincide 
reasonably, but the dispersion is too great. The second case involves the 
selection of devices which fall within the “tails” of the distribution, as for 
example in the case given for Fig. 22-7 in Section 22.5. Joint action on the 
part of the circuit designer and the device designer and/or the manufac- 
turer is obviously needed, the circuit designer to find circuits which will 
accept wider variations and the device designer and manufacturer to ob- 
tain new processes through an improved understanding of the device. 
Where shifts in design centers are involved, an entirely new attack may be 
necessary in geometry, materials, and processes, and even in new phe- 
nomena. 

Under some circumstances the manufacturer may choose to produce his 
product at low yield rather than to modify either the design or the proc- 
esses. He may find it more economical to produce at a low yield with very 
simple processes than at high yield under more expensive means. The re- 
sult is always poorer from the user’s viewpoint, and may be economical 
only if a very careful analysis so indicates. The sort of variations to be 
expected are illustrated in Fig. 22-9, which shows the case when natural 
ca fall within the specification limits and two other cases where they 
do not. 

The average parameter value is sensibly centered in the first case so 
that the circuit engineer will find more units on the average near his design 
center. In the second and third cases he is about as likely to find units 
having values at the limit extremes as at the design center. He must 
therefore demand tighter limits in order to assure himself of satisfactory 
operation, since in general the expected most adverse case will be worse 
than in the first example, There is also a human failing which sometimes 
compounds the situation, as shown in Fig. 22-10 in which units at the limit 
odges are “wished in’ and hence may place the most probable values actu- 
ally at the limit extremes. 

By submitting himself to low yield rather than improving processes the 
manufacturer places himself in a highly vulnerable position and may also 
deprive himself of the possibility of even higher economy. He is vulnerable 
because there may be unknown and non-understood variables which may 
cause him to lose control of his product, as for example in cathode activity 
busts,”’ with a consequent inability to assign the cause properly. A lack 
of knowledge of his variables is also tantamount to limiting the possibilities 

of design for new requirements, Wide control limits do not always imply 
a alate of ignorance, but rather, are suggestive of such a state, The re« 
quired action is clear; find out what is known and what is not known, even 
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SPECIFICATION LIMITS 


Fig. 22-9 Comparison of natural and specification limits. 


though it is decided, often by necessity, to accept existing processes 
yields as being presently normal. 

Acceptance of low yield also excludes the manufacturer from redue 
his testing burden and costs by sampling means. Under sampling p 
not all units of a given production lot’ are measured for a given requilt 
ment; only a small sample is measured and the quality determined f 
the sample. If the sample is satisfactory, the lot is deemed accepta 
If not, most plans call for a second sample, after which the lot is accepté 
or given individual testing (Refs. 7, 8, 9). The criteria for testing 
sampling means are twofold: process or natural limits within the speci 
tion limits, and evidence of continued control of the process. 





SPECIFICATION LIMITS 


Via, 22-10 “Wishingsin’ under loweyield processes, 
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It is to be concluded, therefore, that it is highly advantageous to employ 
a performance characterization which is as simply and directly related to 
the properties of materials, structure, and processes as possible. Such 
means will provide the maximum amount of information on the existence 
and relative importance of the design and process variables. With such 
knowledge, the highest degree of control and reproducibility should result. 

Characterization in such a manner also permits the most effective feed- 
back of information from the measured product to detect and correct varia- 
tions in processes and materials. This is so, simply because the number of 
variables of materials, structure, and processes pertinent to each device 
parameter is reduced to a minimum. 


22.7 APPENDIX: 
LINEARIZATION OF SMALL-SIGNAL PROBLEMS * 


In its simplest form, linearization amounts to expanding the static char- 
acteristic of a device into a Taylor series about an assumed operating point, 
and keeping only the first-order terms. For Class A amplifiers, this pro- 
cedure would be rigorous enough if the device had no frequency dependence, 
but it usually does. Frequency dependence invalidates the assumption on 
which the Taylor series is usually based, namely that the current is a single- 
valued function of the voltage. Further complications are brought in when 
the device has no fixed operating point but is operated with a large modulat- 
ing voltage, as in a mixer. 

These complications, however, are mostly connected with the large-signal 
aspects of the problem. Normally any device, no matter how complicated 
its waveform, will respond linearly to a superposed small signal; the coeffi- 
cients of the response, that is, the circuit parameters which the small signal 
sees, are the complicated features. 

The standard Taylor series method for small signals begins with the static 
characteristics, assuming for instance that the currents are functions of the 


voltages: 
I, = 1,(Vi, | 


22-13 
Ig = (Vi, V2) 
[xpansion in Taylor series for a small excursion 7, v from the operating 
point gives 
ributitiaigeatle hd meaet oc 
i cin ed gyda eee Pi 
10 1 10 avi 1 as v2 “ 
na ea pia OU Eh rie 
lo = -——v —- Pp tee 
20 “1b t2 20 av; 1 aVo 2 


Accordingly, for excursions small enough so that higher-order terms are 
nogligible, we have a set of first-order linear equations, even though the 


* This seotion waa taken in ite entirety from unpublished material of J, A, Morton 
and Ry M, Ryder, 
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zero-order problem J = I(V) may be highly nonlinear. Setting 01;/dV; = 
g:;, we have the linear equations in standard four-pole form: 


eee (22-15) 


1g = 92101 + go2Ve 


These equations do not contain any reactive effects, since such informa- 
tion is not contained in the static characteristics, and if it were, it would 
invalidate the assumptions of equations (22-13). Everybody knows, how- 
ever, that equations of the same form, (22-15), must apply at all frequen- 
cies. Accordingly, we replace the conductances of equations (22-15) by 
general admittances, ignore the fact that the assumptions no longer hold, 
and have a set of equations usable at all frequencies: 


ty = Yi. + ee (22-16) 


1g = Yois + Yoov2 


These equations are in fact valid, as we shall try to make more plausible 
by generalizing the assumptions. 

For the static characteristics, any condensers or inductors in the circuit 
have had time to charge up to equilibrium, so that the currents are func- 
tions of the voltages only. For the non-static case, the equilibrium condi« 
tion is in general not true; the currents are functions not only of the volt= 
ages but also of their past history. 

Let us assume that the voltage can be represented by a Taylor series in 
time which is valid far enough into the past to encompass the origin of any 
transients which are still appreciable; that is, it is valid for a time long 
compared to the relaxation time of the system. For example, the repre« 
sentation of V; would be as follows: 

t — to)? 
Vi = Vi(to) + (t — to) V'1(to) + ce V"'\ (to) + She (22-17) 


Then the statement that the current depends on the past history of Vy 
is equivalent to saying that the current depends on V, and on as many 
its derivatives as are appreciable in this equation. Accordingly we g 
eralize the assumption to include dependence on all the derivatives of t 
voltages: 

fy = (Vi, V'1, V1, ++: Vay Voy VQ, 29} (22-18) 


The first-order Taylor expansion now gives us equations like the follo 
ing: 

4 =0 OLY tag 22 aii 

1 1, av, 1 


ol, 
av"; 


ol, ae oly a 
Vg —— + v'g —— +++ 
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fee yp 


(22-1 


Assuming the superposed voltage to be analyzed into its frequency 
trum, then for each frequency, 


vs (jw)"v 
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while the derivatives are arbitrary constants of the device: in fact, the first 


terms are our old friends g;;, the slope of the static characteristics. 
each harmonic then, we have an equation of the form 


t= v1 (Y110 + Joyisr + (Jw)?yr12 +++) 


+ v2(Y120 + Joyier + (Jw) y122 +--+) (22-20) 


The frequency functions in the parentheses of (22-20) are merely series 
expansions of the general admittances of the four-pole equations (22-16). 
We have, therefore, achieved a form of the theory which allows for fre- 
quency dependence of the admittances. Since there are convergence diffi- 


culties in the series, the proof should perhaps be regarded as heuristic 
rather than rigorous. 


For 
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Chapter 23 














PRINCIPLES OF TRANSISTOR 
PERFORMANCE CHARACTERIZATION 


THE purpose of this chapter is to give substance and elaboration to th 
principles of performance characterization of Chapter 22 in terms of a sp 
cific device: the transistor. It is also hoped to establish the reasons, re 
tive values, and terminology behind the specific transistor tests and t 
procedures of the following two chapters. Of necessity, the text will 
limited to existing tests and measurement principles. It is assumed al 
that Chapters 24 and 25 are sufficiently clear in procedure and that th 

will fulfill the need for specific detail. 


23.1 FOUR-POLE REPRESENTATION: ALPHA GREATER 
THAN UNITY 


Transistors in which alpha is greater than unity are potentially, at 
very least, short-circuit unstable. The characterization in grounded- 
connection is therefore conveniently made in terms of the open-circuit 
resentation, referring to Fig. 22-1, as 


Ve = fille, Le) 
Ve = fa(Le, Ie) 

Other sets are suitable, e.g., the mixed set 
Ve = fille, Ve) ( 
I, = foe, Ve) 


Present practice at the Bell Telephone Laboratories is primarily @ 
cerned with the set of (23-1). Ah 

There were some early attempts to employ short-circuit parameters: 
the characterization of transistors having intrinsic current gains, The 
tempt was undoubtedly made with the desire to obtain parameters wi 
would provide a direct comparison of performance with that of clee 
tubes, ‘That the comparison can be made is true, but unfortunately 

aia 
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comparisons are quite cumbersome except in certain circumstances. For 
example, the transconductance of a transistor with inherent current gain 
in grounded-base connection is g21 = —agi, where a is the current gain 
and 91; is the short-circuit driving point conductance. With small changes, 
gi1 and hence ga; may become infinite and may even change sign. Thus, 
there is a pole in the transconductance, and consequently there will be eXx- 
tremely rapid changes in the transconductance with small variations in pa- 
rameter values. 

Near this pole the characterization using transconductance is completely 
unusable. This is in effect another way of saying that the short-circuit set 
is not proper, since short-circuit instability is possible. The comparison of 
transistors and tubes should therefore usually be carried out by means of 
circuit or systems figures of merit. Often the circuits are not directly com- 
parable, but the system performance is comparable. 

As given in Chapter 22, the formal relationships of (23-1) may be ex- 
panded about an assumed operating point for a first-order, small-signal 
relationship as 

Ve = Tile + Pi2t¢ 


é : (23-3) 
Ve = Taite + Peete 


These equations imply only that the r coefficients are not functions of 
frequency and that the magnitudes of %e and 7, are sufficiently small that 
the system may be considered to be linear, or in effect that the second and 
higher order terms may be neglected. In linear systems, the equations are 
perfectly general for all signal levels. Reactive effects may be included by 
replacing the resistive r’s with the complex z’s. 

As has been shown in Chapter 22, the coefficients rj of equations (23-3) 
ure simply the appropriate slopes of the static characteristics at specific 
bias points of J, and J,. The coefficients may be evaluated directly from 
(the expansions by holding first Z, and then I e constant. Thus, the rela- 
tionships are given formally by 








m= al (23-4) 
ne = ae (23-5) 
ro = oan (23-6) 
‘99 = rl. (23-7) 


To a satisfactory degree the slopes may be evaluated by finite incre- 


iments, the magnitude of which will be governed by the degree of nonlinear 
ity and hence by the error whieh may be tolerated, 
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I1,= CONSTANT 





a 
Fia. 23-1 Small-signal coefficients as incremental slopes of static characteristics 


The derivation of the slopes by increments is illustrated in Fig. 23-1 
where 71; is evaluated by 
AV, 


Al, 





m1 = I, = constant (23 
where AV, is a small change in V, and AI, is a small change in J,. J, 
held constant. Note that if 7, or J, is changed, AV, will have in general 
different magnitude and hence rj; will also be changed in value. Actual 
in the case of transistors, the d-c current-voltage relationships are q 
constant over wide ranges, as may be seen in Fig. 22-2; hence, single eval 
tions of the r’s are reasonably valid for extended ranges of values of I, 
I, 

In practice, the 7’s may be evaluated by small changes in the d-¢ 
rents and voltages as just illustrated. Such a procedure is quite tedi 
however, and a suitable method shown in Fig. 23-2 employs a small al 
nating current superimposed on the d-c biases. Care must be taken, hoy 
ever, to insure that the proper conditions are established. Thus in the 
of r11, the required condition that J, be constant may be obtained f 
(23-4). It may be somewhat easier to interpret and to determine the 
quired conditions in terms of the small-signal relationships of (23-3), 
from 

ve = T11le + Tote 


4-POLE 





BIAS CIRCUIT BIAS CIRCUIT 


[Re + Jl] >> My My 
Tia, 23-2 Small-signal ae measurement of ry. 
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it may be easily seen that r;; is simply the ratio of v./te, when i, = 0. 
Equally, ri2 = ve/te When 7, = 0. The requirement that 7, be zero in the 
determination of 71,, for example, is identical to the requirement that J, 
be constant. 

In Fig. 23-2 the requirement that 7, = 0 in the measurement of 71; is 
met by employing a very high impedance in the output circuit, R, + jXr. 
Simple open-circuiting of the output circuit is not proper since suitable bias 
values of J, must be provided. Actually, what is measured in the circuit 
of Fig. 23-2 is not precisely 7,,;, but is instead the network driving point 
resistance, * as . 

Ve T12T21 


; VAL Se aa 
te Teo + (R, + jXt) 


The second term of (23-10) may be reduced to any arbitrary small value 
by making |R, + jXz| very large. A parallel resonant circuit may be em- 
ployed instead of the simple reactance, provided care is taken to avoid the 
possibility of circuit instability at frequencies higher than the test frequency 
where the shunt capacitor of the resonant circuit may become a short- 
circuit. 

The small change in independent variable, taken as 7, in the previous 
example, should be constant with operating point for convenience, which 
is satisfied by employing a constant-current generator as by a high series 
resistor as shown in Fig. 23-2. 

The symbols which will be employed are as follows: Currents and volt- 
ages denoted by small letters, such as v,, 7, 71, v2, etc., will refer to small- 
signal values—small a-c values or small departures from a given current- 
voltage point. Capital-letter currents and voltages refer to d-c values, and 
with single subscript refer to terminal values as J,, Ve, Is, Vi, I2, ete. 
Double subscripts refer to bias source supplies as Vc, V2, Vee, etc. Lower- 
(use resistances and impedances refer to parameters within the device ter- 
minals as 714, Te, 7c, 722, Tine For external components, capitals are em- 
ployed as Re, Re, Re, Ri1, Ree, etc. Capitalized parameters as R41, Reo, 
imply the complete circuit, including device parameters. Thus R22 might 
be broken down to Reg = 792 + Re = re+ 7, + R-. The subscript e will 
refer to the emitter; b, to the base; and c, to the collector. Other symbols 
will be as defined in text. 

‘Iwo equivalent circuits for the grounded-base transistor are shown in 
I'ig, 23-8. These equivalent circuits have been selected with the criteria 
ol See, 22.2in mind. The elements of the first equivalent circuit are simply 
related to the open-circuit resistances. Moreover, the elements bear a fairly 
vlose relationship to separable physical regions of the actual transistor in 
the following manner: 


(23-10) 


r, is very nearly the small-signal forward resistance of the emitter 
diode, 

ry is very nearly the small-signal reverse resistance of the collector 
diode, 
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Fig. 23-8 Equivalent circuits for transistors. 


ry represents the mutual resistance set up by the interaction of th 
emitter and collector currents through the common bulk resistance, 
Tmie is a constant-voltage generator which represents, in a network sensé 
the fact that the emitter-injected holes control the collector-barri Q 
reverse resistance. 


The collector arm may be transformed to the second representation 6 
Fig. 23-3, which may be more useful in many cases. In this representatio! 
ai, is a constant-current generator which represents the fact that emittel 
injected holes are collected at the collector barrier and may give rise { 
current multiplication. 

The network equations of (22-4) and (22-5) 


M1 = Tt + Niele 2 . 


Vq = Yo1t1 + Toate 


are perfectly general in that they apply to both passive and active lines 
networks. Passive networks are usually, but not always,* reciprocal | 
the sense that ri2 = T21. In most active devices, although not alw 
|r12|=|re1|, with the implication that the forward and reverse transmi 
sions are not equal. In amplifying devices this is the desired state 

affairs, and a great deal of attention will be paid to both a high degree 
forward transmission and a low degree of reverse transmission. Therefo 
considerable attention should be focused upon rei — fiz. In short, th 
parameters should be separated in order that they may be studied ind 
vidually and with the attention indicated.{ To illustrate the separator 
and to derive the network representations of Fig. 23-3, the second equation 
of (23-3) may be rewritten as 


(28+) 


Ve = Tike + Toate + te(r21 — 112) 


where a constant term ri2i, has been added and subtracted, Rea 





*The gyrator, for example, is a special case in which Jral = |rial, but a round 
phase shift of 180° is involved, 
+L, ©, Peterson, “Equivalent Cireuits for Linear Active Four-'Terminal Netwo 
Bell System Tech, J. Vol, 20, No, 4 (October 1948) pp. 503-622, 
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(23-11), the equations (23-3) become 


Ve = T11%e + T12%¢ 

,, 4 ‘ (23-12) 
Ve — Tmle = Tote + Peete 

where 7, is defined as 

(23-13) 


The portions of (23-12) to the right of the equality signs are in the nor- 
mal passive circuit form, and by simple manipulation rz; has disappeared 
and an equivalent voltage generator, Tmte, has appeared. It is evident that 
the equivalent generator is in series with v, and is of opposite sign to 0. 
It is quickly recognized also by definition that in Fig. 23-3 


Tm = To1 — T12 


M11 =Te +7 


T12 = 1% 
(23-14) 
fo = Te + 1d 
721 = Tn + 1d 
And conversely, 
Te S11 > 112 
To = 112 
(23-15) 


Te = Tog — N12 


Tm = T21 — 12 


Derivation for the equivalent current-generator circuit is given in Sec. 
23.6 (Appendix I) and uses the parameter * a, where 


To1 — N12 
a = ——— (23-16) 
Te2 — 12 
or 
Tr, 
a=— (23-17) 
Te 


Another very useful circuit parameter which in many cases is very close 
in value to a is the short-circuit current gain which has been termed alpha. 
Alpha is defined as 


= =| 23-18 
| (23-18) 
Circuitwise, a is given by 

a r Tm $7 
qe--=— = > (28-19) 

% 2 Tot 

heeause in the small-signal relation 

Uo = Yaite of Tagto (28-20) 


~ +a haw alao boon aymbolived as a) a is the internal current gain factor, 



















484 PRINCIPLES OF TRANSISTOR PERFORMANCE CHARACTERIZATION 


ve is made zero by the definition requirement of (23-18) that V. be held 
constant. Note that the definition of a [equation (23-18)] involves a nega- 
tive sign resulting in positive values of a. The condition that v, be zero is 
easily met in simple a-c measurements by short-circuiting the output ter- 
minals with a large capacitor as in Chapter 24. It should be noted that 
the alpha factor is a parameter of the device under specific terminations: 
ie., collector and base short-circuited. When circuitry is involved, the 
circuit current gain, but not the alpha, will be given by R2i/R22 where i 
general Roy = tm +7» + Ry and Rog = retro + Ro + Re. 

For present transistors the magnitudes of a and a are approximatel, 
equivalent since in general 7, >> 7r, andr, > 7». The exact relation betwee 
a and a is derived also in Sec. 23.6 (Appendix I). 


23.2 FOUR-POLE REPRESENTATION: ALPHA 
APPROXIMATELY UNITY * 


In most point-contact transistors, a is significantly greater than unit; 
and this gives rise to importantly different behavior for the transistor ai 
compared with the electron-tube triode in all three possible connections. 
In particular, since rp is a positive feedback element in the grounded-b 
connection, when a > 1, the transistor may oscillate when rp is sufficient 
large and the terminating impedances are sufficiently small; i.e., it may 
short-circuit unstable. 

However, in transistors where a < 1 as in the n-p-n junction transisto 
the devices are unconditionally stable. 

As a — 1, the transistor behavior in the grounded-emitter connecti 
resembles that of the grounded-cathode triode and leads to higher possi 
gains per stage than for the grounded-base connection. 

The grounded-emitter connection is shown in Fig. 23-4. The netw 
equations are ue oe 

Vp = 1104 + PT 12te 


/ . / . 
Ve = Maity + 1 a22te 


T'mle = -IP'm(ib +c) 





Fia. 23-4 Equivalent circuit for grounded-emitter connection: voltage genera 
representation. 


"The reader is referred to the Institute of Radio Engineers, “Standards on 
State Devices: Methods of Testing Transistors, 1956,” Proc, JRE Vol. 144 (Nov 
1956) PP 1542-1561, for a more complete treatment as well as for standards, 

+R, M. Ryder and R, J, Kircher, “Some Circuit) Aspects of the Transistor,” 
Syatom Teoh, J. Vol, 28, No, 8 (July L049) pps 807-401, 
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lig, 23-5 Equivalent circuit for grounded-emitter connection: current generator 
representation. 


Or, in terms of the grounded-base device parameters, 


V, = (To + Te)tn + Tete (23-23) 


Ve = (re aa Tm) tp + (r¢ + t.= Tm) te (23-24) 

The representation of Fig. 23-4—equations (23-23), (23-24)—is some- 
what cumbersome and does not focus attention on the design factor a. 
‘The equivalent voltage generator of Fig. 23-4 may be transformed by the 
same means as given in Sec. 23.6 (Appendix I), to the equivalent current 
generator representation of Fig. 23-5. In Fig. 23-5, a = rm/re and is very 
nearly equal to @ when r, and rm, are much greater than ry. The short- 


circuit current gain of the grounded-emitter connection is given from 
23-24) as 





te a— 7re/Te 
in = Se oe oe (23-25) 
und where r, > re, (23-25) is given approximately as 
Le a 
: i ape (23-26) 


Since in turn, a is nearly equal to a where r,, and r. < rz, the grounded- 
emitter current gain is often taken as a/(1 — a). 

As a — 1, the current gain becomes very great and results in the re- 
quirement of considerable precision in the evaluation of « in order to char- 
ucterize the a/(1 — a) current generator. As a matter of characterization, 
it becomes easier to evaluate a/(1 — a) directly as is discussed in Chapter 
2A for the range 0.8 < a < 0.95. 

As a approaches even more closely to unity, rn, — re and 7, — 0, and 
(he open-circuit impedances and corresponding circuit, become even more 
awkward to use, The circuit behavior begins to resemble that of the nega- 
\ive-grid triode even more closely, Even physically, this is true in the 
sense that the device control mechaniam approaches that of field or voltage 
control asa = Land dy) 0, Under such ciroumatances, it is useful to 
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go over to the short-circuit admittance representation. Such a representa- 
tion for the low-frequency case is shown in Fig. 23-6 with derivation in See. 
23.7, Appendix IT. 

As a — 1, it becomes possible to compare transistor performance to elec- 
tron tube performance in distinction to the previously discussed case where 
a> 41.0. In effect the unity alpha transistor resembles the triode quite 
closely at low frequencies except for the feedback conductance, ge. Th 
collector resistance in the grown-junction type is quite large, however, an 
this becomes a negligible effect. When a is slightly less than unity, th 
transistor develops a finite input conductance, g-(1 — a) which makes if 
behave under such circumstances as a triode with a slightly positive gri 
It is also interesting to note that the limiting transconductance of t 
grown-junction-type transistor is of the order of 40,000 micromhos per 
and the mu factor is of the order of 200,000. 


B cela c 





DP 
$=9(a) = ease ey 
Tet+lb (-a+F2) 
LIMIT 
a=i 


f(a) WHERE Po > Th 


Fig. 23-6 Short-circuit four-pole set representation. 


23.8 PERFORMANCE CHARACTERIZATION OF 
PHOTOTRANSISTORS 


Phototransistors have, in the simplest case, only two electrical termi 
The “third terminal” is a light-electric transducer constituting the devi 
photo properties. It is tacitly assumed that there is a forward tran 
but no reverse transfer. It is assumed also that the ability of the d 
to absorb photons is constant, and on this basis there are only two ele 
trical families which need be considered, output and forward trai 
Typical families for two types in which (1) the quantum efficiency 
greater than unity, and (2) the quantum efficiency is essentially unity, & 
shown in Fig. 23-7. 

It is convenient to consider the photo effect as an equivalent emit 
which the current multiplication is replaced by the quantum effici 
The output equation for a transistor is 


Vo ™ argyle + Toate 
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Via. 23-7 Characteristics of phototransistors. 
BELOW: p-n junction type. 


ABOVE: point-contact type. 


where it is noted that are. = 72;. The relationship for the phototransistor 
in then 


Ve = T2KL + Pogte (23-28) 


where L is the quantity of light and K is a proportionality factor involving 
both the quantum efficiency and a constant factor translating from light 
to current. When ZL is in lumens, K is approximately 30 ma per lumen 
times the quantum efficiency (2400° color black source). 

In circuital interpretation, K is similar to alpha, and in the equivalent 
circuit it appears in a constant-current generator of magnitude KL in 
shunt with reg. AK and 72 with suitable bias values constitute a unique 
small-signal set, Physically, however, it is desirable to consider 799 as com- 
posed of two parts, fag ™ To + ro, a8 in the transistor, An approximation 
to ry may be obtained by measuring rgg when the device is so flooded with 
light that it is thoroughly in overload, Equally, it may be desirable to ob- 
(ain the equivalent of the current gain factor @ instead of the cirouit cure 
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Fia. 23-8 Germanium phototransistor spectral response. 


rent gain. The relationships between a and a and between k and K 
the same where k is defined as the quantum efficiency factor.* Thus 


‘ 
bm KL (K— 2 (23- 
Te 

The circuital representation in terms of k is a constant-current generato 
kL, across the collector resistance r,, with the whole in series with ry. T 
equivalent circuit is then as that of the lower portion of Fig. 23-3, repl 
ing at, with kL and omitting r-. 

For large-signal use, additional information is necessary and the p 
cedure is essentially the same as for the three-terminal large-signal cha 
terization given in Sec. 23.4. More detail is given also in Chapter 
Light/dark resistance ratio has been employed as a device figure-of-m@ 
in large-signal considerations. 

There are several other characteristics of phototransistors which requi 
delineation. One is response with the wavelength of the radiated ene 
as illustrated in Fig. 23-8. Another is response as a function of geomet: 


PHOTO- CURRENT 
(ARBITRARY SCALE) 
—_—> 





12 08 0.4 0 04 «08 12 
DISTANCE, d, IN MILLIMETERS 


Fia, 23-9 Response of phototransistor as a function of light spot position, 


"kk alao includes the photoelectric translation constant, 
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as illustrated in Fig. 23-9. Frequency response to modulated light may or 
may not be important, depending upon the rate at which the characteris- 
tics, primarily K, change with modulation rate. 


23.4 LARGE-SIGNAL PERFORMANCE CHARACTERIZATION * 


The large-signal characterization of transistors has been largely with de- 
vices.in which a > 1. Although this is not a limitation to the principles 
of the method, discussion will be limited to those devices in which a > 1. 

The method, as outlined in Chapter 22, consists of concentrating on the 
major nonlinearities and neglecting minor departures. This method leads 
to the recognition, in the simple case, of three regions of behavior—two 
regions of essentially passive nature bounding an active region. The prob- 
lem of performance characterization is to define the regions and to establish 
necessary and sufficient parameters in each region. The characteristics in 
each of the regions are assumed to be separately linear, and parameter 
values represent the average slope value for the region. However, second- 
ary considerations may permit some evaluation of the regional nonlineari- 
ties, and it is deemed advisable to employ incremental slope values where 
so indicated. If the device is to be employed as a large-signal “‘switch”’ 
with superimposed small signals, incremental slopes are needed in order to 
determine transmission properties for the small signal where the incremental 
and average slopes differ markedly. 

The method has serious limitations, particularly in that frequency be- 
havior is not included directly and that the transitions from region to 
region are not discontinuous, but rather are smoothed. The deviations 
from linearity at the region transitions are quite important, for triggering 
considerations for example, and are not now given sufficient characteriza- 
tion. 

The division into regions is most easily determined from the forward 
(ransfer characteristic as in Fig. 23-10. Consider any one characteristic of 
the family. When J, is positive, there is a finite slope and of normal mag- 
uitude 7. When J, < 0, the slope is zero or 7, is zero. WhenJ, > —I,/a, 
the slope and hence r,, are also zero. a is the mid-range, or Region IT, value. 

The criteria for the three regions are thus established as 


Region I I, <0 
Region IT 0<I1, < —I,./a 
Region III I, > —-I,/a 


The three regions may be given names as “collector voltage saturation,” 
“netive,” and “collector voltage cutoff.” Cutoff and saturation are defined 
as being descriptive of the behavior of the dependent variable as a function 
of the independent variable, It is tacitly assumed that in the general rela- 
tionship g = f(w) that there are extremes at which g becomes essentially 





* Soo Institute of Radio Ungineers, (bid, whieh includes a treatment of a > 1 tran. 
aintora, For design theory of intrinale device parameters, see Refs, 6 and 6 at the end 
of thin chapter, 
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Fig. 23-10 Division of static characteristic into large-signal regions. 
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constant and independent of further change in the independent variable 
The point farthest removed from the origin at which the dependent variah 
becomes constant is termed saturation. The point closest to the origin | 
which the dependent variable becomes constant is termed cutoff. 

In Fig. 23-10, since V, is the dependent variable and J, is the independét 
variable, Region I is the region of collector voltage saturation and Regi 
III is collector voltage cutoff. 


23.4.1 CHARACTERIZATION IN Reaion I, Cottecror VortaGce Sari 
TION. In collector voltage saturation (Region I), r. and r, are by far tl 
most important parameters, and of these r, is the more important, 
Region I, where 7, < 0, the emitter resistance is essentially that of a did 
in the reverse direction and is desirably infinite in magnitude. A simp 
d-c resistance test of the Region I emitter resistance, r’., has been employé 
which suffices for approximate characterization. As the circuit theory 
comes more sophisticated, additional information will be needed, partidi 
larly in the region near the Region I to Region II transition where J, * 
O+A. 

The behavior of 7, has not been too thoroughly studied where J, < 0, 
has been assumed that ry is fairly constant in all three regions, but it } 
known that rp often increases in magnitude as J, approaches zero. Al 
portion of the nonlinear circuitry has employed external base resistance 
sufficient value to ‘swamp out’? small variations in ry. As the cire 
theory becomes more complete, a characterization of 7, near J, = 0 
probably be required for accurate circuit determinations. 

The collector resistance in Region I (collector voltage saturation) is 
considerable importance to switching-type circuits, since variations in 
collector resistance will determine the minimum reliable trigger sensitt 
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Fig. 23-11 Idealized transistor output characteristic. 


Actually, what is of circuit concern is not the incremental r,, but rather 
the d-e collector current. The d-c collector current-voltage characteristic, 
where I, < 0, is composed in principle of two parts as shown in the idealized 
and exaggerated sketch of Fig. 23-11. The direct-current voltage-to-cur- 
rent ratio has been termed r,, to differentiate from the incremental r,.. The 
nonlinear nature of V, = f(0, 7.) has been linearized into two parts, and 
the characteristic is considered as that of a diode. The diode saturation 
current J,, and the associated voltage V,. have been brought out and em- 
phasized. Where J, is less than J,., the curve is exponential in form; 
where J, is greater than J,,, the characteristic is assumed to be linear and 
in the ideal case approaches an infinite slope value, 10 to 100 megohms 
having been obtained with junction devices. 

Point-contact devices have much lower slope values by orders of mag- 
nitude, so that the break in the characteristic is not at all evident on a 
practical basis. Recognition that there are in principle two parts to the 
characteristic is quite important to design considerations, primarily for 
(omperature behavior. 

‘The d-e collector current is then composed of two parts: Igo + [(Ve — 
Voo)/?e] Where 7, is the incremental slope: r, is assumed constant for J, > 
/». Variations with temperature have a first-order effect on I,o, but a 
relatively second-order effect on 7,. Hence, the experienced variation in J, 
at constant V, is assignable primarily to /,,. In short, the small-signal 
collector resistance is less variable with temperature than is the d-c re- 
nintance, : 

Experience has shown also that the reproducibility of the small-signal 7, 
in much better than is the comparable large-signal parameter 7. There 
is, therefore, every compelling reason to charactorive 7), and such is done 
in junction-type devices where ry ia very high, In pointecontact devices, 
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no means have been devised at present to measure [,, directly although 
an approximate evaluation is contained within the two measurements, Tf, 
and r,.. Even here the practice has not been too good since r, has nor- 
mally been measured in the region where J, > 0 and is in general some- 
what smaller in magnitude than the values obtained at [, = 0. The prac . 
tice at Bell Telephone Laboratories has been to measure r,, by means of 
determining the d-c collector current at a fixed d-c collector voltage, as 
—40 volts. 

The r,. value so obtained, and usually given in terms of the current ¢ 
I.(0, —40), is a device figure of merit useful to the circuit designer, and the 
test procedure and method are reasonably typical for trigger circuit applix 
cations. A further breakdown into the simpler variables or considerabl 
interpretation is necessary, however, for proper device design and control, 


23.4.2 CHARACTERIZATION IN THE AcTIVE Recion. Characterizatior 
in the normal or active region where the emitter current is positive, b 
less than the value for collector voltage cutoff, —I,/a, requires at the les 
a small-signal parameter set. In the three-region approximation, the slop 
are taken as averages, and therefore the small-signal set should in reality 
be a large, but not too large, signal determination in order to achieve 
average. Equally, an average might be obtained by fairly large incremen: 
tal changes in d-c biases. The experience has been that transistor chara¢ 
teristics are really quite linear, and that small-signal values are satisfac 
torily accurate over the active range, provided the d-c test point is 
chosen. 


23.4.3 CHARACTERIZATION IN Reaion III, CoLtecror VoLTaGE Curo 
In Region III, r., 7-, and 7» are very small, but finite in magnitude, 
circuits which employ appreciable load values, r’’”’., r’”’,, and r’”’,, will t 
almost negligible. Where this is not the case, or when high efficiency 
desired in order to effect the control of considerable power, :1’/”’,, r/’",, 
r’’’,, will be of concern. Since all three will be functions of current, 
ticularly r’’’., it would seem necessary to measure incremental slopes 
constant biases. Doing this does not preclude incremental d-c measur 
ments over a reasonable range, which is likely to be even more informatl 
since more data are provided. Also, rough measurements of (r’’, 4+ 1/"% * 
r’'n) have been made by measuring the emitter-to-collector voltage 
high emitter current and where 7, = —J,. This is a device figure-of-m@ 
and it is akin to the measurement of the voltage drop across gas tub 
during discharge. 

A similar device figure of merit which includes also a lower limit on alph 
has been made in which J, is adjusted to some fixed value, say 3 ma, 
I, to a value such that J, < —al,, as 5.5 ma, where a@ is the lowest val 
to be expected. Under these conditions V, is measured and an upper limi 
prescribed. It can be shown that approximately 


Ve= T (ry + r!'9) 
The V,(8, —5.5) measurement is illustrated in Fig, 23-11, 
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The two sets of d-c measurements, r’, and r,. for Region I and V (3, —5.5) 
for Region III, bound the large-signal characteristic fairly well and in addi- 
tion provide at least a lower value of a for Region II. Where it can be 
assumed that the a characteristic is in control, as in retesting, the three d-c 
tests are deemed reasonably satisfactory as rapid characterization checks. 


23.4.4 CHARACTERIZATION OF THE TRANSITIONS BETWEEN REGIONS. 
The transition between J, negative (Region I) and J, positive (Region IT) 
is accompanied by abrupt changes in 7, and r,. When the emitter current 
is negative, r, is very high and r,, essentially zero; whereas in Region II, r, 
is low and r,, is high. The magnitudes of the two parameters in each of 
the two regions have been discussed. There are, however, important addi- 
tional characterizations required: the rates at which 7, and r, change with 
T,, and the current at which the transition takes place. Both of these 
factors are important, particularly to trigger-type pulse circuits. 

Some discussion under the Region I characterization has been made of 
the probable future need for more detailed delineation of the behavior of 
r, as a function of the emitter current where J, is nearly zero. Presently, 
the characterization has assumed simply an abrupt change in r, at J. = 0, 
although in fact there is a smooth transition from high resistance to low. 
No tests are presently applied to characterize this feature, since it has been 
assumed that the rate of change is sufficiently great to satisfy contemporary 
circuitry. 

The rate of change of 7,, with emitter current has received considerable 
attention. The desirable condition would be a step function in 7,, at some 
fixed value of I, The exact value at which 7, should change discontinu- 
ously is not compelling in circuitry although the natural value, 7, = 0, is 
somewhat advantageous. This statement is not intended to imply that 
the choice of emitter current at which r,, changes abruptly is subject to 
wide design variations, but rather to establish that the mean value is not 
(oo important circuitwise. Deviations from the established design point 
ure of primary importance. The characterization required is thus a meas- 
ure of dr,/dI, with the requirement that the value be greater than some 
tolerable minimum within the range (J, + A) and less than some tolerable 
maximum outside the range of (I, + A). 

What has been done on a development basis to prescribe the transfer 
property transition is to measure the current gain factor a, as a measure 
of r, at several values of emitter current. These points of measure are 
illustrated in Fig. 23-12. A maximum limit on alpha is placed at J, = 
= A, as at —0.1 ma, and a minimum value at 7, = 0 + Ag, as at +0.05 
ma. Thus the transition in a and hence in r,, is bounded between the two 
emitter current values and is limited to a lower value in rate of change. 
A third measure at a higher emitter current, as at -+-1 ma, establishes a 
lower limit on a and hence on r», in the active region, This measurement 
in redundant to the small-signal parameter measurements made in Region 
Il, 

Some care must be taken in the employment of a as a measure of r). 
It in assumed that both ry and ry are constant in Regions I and L, whieh 
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Fig. 23-12 Large-signal alpha characteristic. 


must be established in fact as reasonable approximations. Further, 
value of a in Region I, where J, < 0, is not zero, but is finite even tho 
Tm Toay be zero.* if 
The transition from the active region to collector voltage cutoff (Regia 
II to Region III) is not nearly so “sharp” or discontinuous as is the tran 
tion from Region I to II. The behavior is quite analogous to the transiti 
in vacuum tubes from plate-current cutoff to active. In tubes, the re 
tionship between grid voltage and plate voltage at cutoff is V, = — Vi/p 
In transistors the relation is J, = —I./a for collector voltage cutoff. 1 
tubes, variations in w cause a rounding of the transfer characteristic 
plate-current cutoff, as shown in Fig. 22-3. There is similar behavior 
the transistor transfer characteristic in Figs. 22-2 and 23-10 at collect 
voltage cutoff. A sharp and abrupt transition is desirable, and it is } 
pected that transistor design will be concerned with design factors in t 
constancy of a for sharp voltage cutoff as is tube design with uw for 
current cutoff. 
In principle and ideally, the active-to-collector-voltage-cutoff transiti 
would be characterized in similar fashion as for the Region I to Region 
transition. A minimum tolerable limit on d7,,/d/, is required under 7 
scribed conditions of V, and J,, with the provision that the maximum 
of change must fall within the range of J, + A. Such a test require 
might be difficult in employment, and additional study and investigat 
are required for proper characterization of both transitions. 
The present characterization technique has been to depend upon th 
active region measurements to be reasonably valid at the transition poli 
The measurement of V,(3, —5.5) in the collector voltage cutoff region 
chosen to be fairly near the transition or break point in 7, and also #@ 
to characterize the transition by virtue of the minimum value requi 
on a contained within the V,(8, —5.5) measurement as discussed 
the Region III characterization above, 


* a (rm te rr) / (ret Pp): SUppone rm © 0, ry = 200, and ry = 10,000: then a = | 
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23.5 FREQUENCY, NOISE, AND DISTORTION 


The behavior of the transistor with frequency may be characterized by 
determining both the magnitude and phase of the four-pole coefficients as 
functions of frequency. To do so, however, requires extensive testing, and 
recourse has been had to approximations, which have served fairly well. 
The choice of equivalent circuits for the point-contact transistor has been 
such as to result in fairly simple coefficient behavior with frequency. It is 
found that to a first order, the transistor frequency response is given by 
the behavior of the current gain factor a. Direct measurement of a is 
not convenient; therefore, recourse has been had to the measurement of a, 
which involves the approximation that r, is small compared to r, and Tons 
It has been determined that the point-contact transistor behaves as a 
minimum phase network, and thus it is necessary to measure only the am- 
plitude of a rather than the amplitude and phase. Considerably more dis- 
cussion of the approximations involved and the methods of measurement 
are given in Sec. 24.3. Theory is discussed in Chapter 10. 

In the characterization of junction-type transistors, the barrier capaci- 
tance may be limiting rather than the transport mechanism. In the case 
of the grounded-emitter connection, the factor a/(1 — a) varies very 
rapidly with a where a is nearly unity. Hence variations in a with fre- 
quency are greatly magnified in the a/(1 — a) relationship. 

The method of test for point-contact transistors given in Sec. 24.3 is 
reasonably applicable to junction devices in the grounded-base connection 
also. 

Methods for the measurement of barrier capacitance are given in Sec. 
24,1, Discussion of the theory and behavior of barrier capacitances with 
operating biases are given in Chapter 10. 

‘There is no known theory for frequency limitations in large-signal pulse- 
ype applications. It would appear, however, that there are at least four 
considerations which may be separated. Assume a circuit of pulse-type 
operation with normal rest point in Region I. In order to trigger the cir- 
wuit, the operating point must be moved to a critical point, the intersection 
of Regions I and II. In Region I, the device is essentially passive, and the 
frequency behavior is largely determined by the device and circuit static 
supacitances. At the critical point, there is a small delay equivalent to 
the group transport time of the minority charge carrier until the essential 
leodback mechanism is established. The speed of change from the critical 
point to Region IIT, after the initial group delay of the injected change, 
in believed to be related to the small-signal frequency cutoff and to the 
vireuit configuration. An approximate relationship for the transition time 


' * 
in given by (a — 1)R,C, 


1 Siete eal tO. on 


whore Ry > ry; Ce is of the order of 100 yuf or more; Ry © 0; and fy) is the 
small-signal cutoff frequeney, 


* From unpublished work. by DG. Marley, 


(23-31) 
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The transition from Region III to Region I is much slower because of 
the phenomenon of hole storage, and it is at the present time the prima 
limiting factor in speed of operation. Further discussion and test methods: 
are given in Chapter 25. : 

Distortion is considered to be a measure of the departure from the as 
sumed linearity in performance characterization. As such, the distortion 
should be given in terms of harmonic power and should be accompanied 
by specific operating data in order that estimates of the degree of non 
linearity involved may be made. Care must be taken in estimating th 
degree of distortion to be expected from transistor static characteristics, 
The usual tendency is to examine forward transfer and output families 
based on electron-tube experience. Doing this may lead to erroneous con 
clusions, however. The forward transfer and output families of transistors 
particularly those of junction transistors, are much more linear than 
corresponding families of tubes. The input and reverse transfer fami 
of transistors are quite nonlinear, however, in distinction to the tube ce 
where the input and reverse transfer conductances are constant and 
at low frequencies. Further, the barrier capacitances of junction transi 
tors are voltage sensitive and may give rise to distortion. Measuremer 
methods are given in Chapter 24. 

Noise measurements may be made either in terms of noise figure, whi¢ 
is a circuit figure-of-merit, or in terms of equivalent noise generators, Whit 
are unique and more to be desired for device characterization. Addition: 
discussion is given in Chapter 24. 


23.6 APPENDIX I—GROUNDED-BASE EQUIVALENT CIRC 
AND THE CURRENT GENERATOR 


The representation of the “active” portion of an active device may 
by means of either a voltage generator or a current generator. In gen@ 
a multiplicity of generators of mixed type may be employed if desired, — 
seems reasonable to employ the minimum consistent with separable 
tronic mechanisms. There are, however, advantages in having both ¢ 
rent and voltage representations at hand. : 

The mesh equations are: 


Ve = T1te + Pate 


Ue = Tarte + Toate 
Rearranging v,, and adding and subtracting rite, 


Ve = Tiate + Toate + (121 — M12)te 
or 


i rat = Tis, 
gk ST ws Tee ee 
T22 "29 "29 


, Vo Tig, Teg ~ Tia\ fai ™ T1a\ . 
i= ——— tt — |] | 
Yoo Tao "ga Yoo "19 


and 
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It is recognized that the last term of (23-36) is in the form of a current 
generator of magnitude 

Te1 — Tie . Tm . 

———————— te ed le (23-37) 

T2e2 — T12 Te 


and ACTOSS the network component 722 — riz or r;. The representation is 
as in Fig. 23-3. The symbol a is applied to the relationship 


Tm 

a= — (23-38) 

Te 

and is not to be confused with the short-circuit current gain a which is 
given by 





23- 
T2992 Te + 1 aa 


Rearranging (23-38) and (23-39), and equating each to 7,, and then to 
each other, 


3 ar, = a(re + Ty) — Tp (23-40) 


e 
ll 


Yo 
a+—(a— 1) (23-41) 

Te 

It is to be noted that a is independent of the circuital environment, 
that is, the current generator ai, is constant regardless of circuit termina- 
lions, although the contribution to the network current will be a function 
of the circuit as 
: Ve Rie 3 Te ; 
= —-—i% - at, 
Roo Rap Rap 








(23-42) 


where Ryg = rp + Ry, and Rog = rg + Ry +r, + R, in general. 


Ty ¢ s . . 
Che short-circuit current gain is very much a function of the circuit, 
however. Since 


te es Ro 
i, = Ros (23-43) 
in general, then 
he Etat Ry ‘ 
te tet Ry tre + Re a 


where Ry, and R, are external base and collector elements respectively. 
Where Ry and R, are zero, the relation of (23-48) reduces to the relation- 
ship for alpha, 

" + Tn "91 


a= 
Ty) + 1. Too 4) 
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93.7. APPENDIX II—GROUNDED-EMITTER SHORT-CIRCUIT OF 
SET EQUIVALENT CIRCUIT a 


Equivalent circuits for the open-circuit and short-circuit four-pole 
are shown in Fig. 23-13. Other equivalent circuits are of course possib 
and even perhaps more desirable. Relationships for each set are given 
(1) to (5) of Fig. 23-13, and transform relationships in (6) and (7). T 


t4 = (91 + g2)v1 — gove (23-50) 
—g201 + (92 + gs)v2 + gm%1 (23-51) 
91, 92, 93, and gm may be evaluated from (1) and (7) of Fig. 23-13 as 


1g 


fag — Tia) Ne Py > Ta 8s r-(1 — a) 














two sets of equations are Ey ak ie (23-52) 
vy = Titi + Tete (23 r 
OPEN CIRCUIT : : } _, 112 Me 
: 0g = Trott + reate + (r21 — M12)%1 (28 va AO va (23-53) 
an 
SHORT CIRCUIT te ean ae Gi meets et Pate 
ig = goo + goov2 + (Yar — 912)01 A A a (23-54) 
(ar tia)(to tie) See ee 
3 2 : bi b. go r Im A = a ar = “e (23-55) 
Vb . 4 é Vo A from (5) of Fig. 23-13 on evaluation and rearranging becomes 
1 3 
A=redlro(l — a+ re/re) + rel (23-56) 
as ; oS Be a Defining ¢(a) as 
r 
5 o(a) = = —__ z 
Yy=PptLe Ou = 91+ 9s IcGeA Te + re(1 —at+ e/Te) oe oY) 
4 Ni2=le Gi2=-Ya the relationships (23-52) to (2 
tes 2 fein a keene ' ps (23-52) to (23-55) become 
Tho= Ye +Ye-Tm Joo = 92+ 9s 91 = ge(1 — a)d (23-58) 
J2 = Ich (23-59) 
Yp =0u-Na 91 = Inte i) 
(3) Ye =Yi2 a 92 = -9i2 oe ee Te $ (23-60) 
Yo =Ma-Nea 93 = 92atDia 
Ym=Yai-Na Im = 9ai-Gia Im = Joh (23-61) 
Asa — 1, $(a) becomes 
(5) O =ryree-Metay _ 
o(a) = - 
ran (23-62) 


Iu= “ae. 

Si2= ae 
(6) 

9ga= = 

9aa® 








or (a) becomes essentially unity. 
I'he equivalent short-circuit network in terms of ¢ is given in Fig. 23-6. 
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SYMBOLS USED IN CHAPTER 23 


Currents and voltages denoted by lowercase letters (vc, 7, etc.) refer 
small-signal values. ; 
Currents and voltages denoted by capital letters (V., Iz, etc.) refer to 


values. ; 
Single subscripts refer to terminal values. 
Double subscripts (Vee, etc.) refer to bias source supplies. 
Lower case resistances and impedances (re, ree, etc.) refer to param 
within device terminals. 
Capital resistances and impedances (R-, Re, etc.) refer to external ¢ 
ponents. 


a current gain factor 
Feo cutoff frequency 


g conductance 

Tis saturation current ; 3 

k quantum efficiency factor, photoelectric translation 
stant 


K proportionality factor 

L quantity of light in lumens 
d-c voltage-to-current ratio 
resistance of equivalent constant voltage generator Ty 
a current gain 


Subscripts 11, 12, 21, and 22 are used to identify various parameters, ‘ 
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Chapter 24 


PRINCIPLES OF SMALL-SIGNAL 
PARAMETER MEASUREMENTS 


Tue characterization of transistors found to be most useful for transmis- 
sion applications is obtained by parameter measurements under linear op- 
erating conditions. Linear operation is achieved when the test signal is 
small enough that equations relating the currents and voltages at all points 
in the system require only first powers and first derivative terms. The 
material in this chapter is intended to develop principles and methods of 
measurement of the small-signal properties of semiconductor devices. 
Measurements useful in pulse, switching, and large-signal applications are 
considered in Chapter 25. 

The discussion to follow is arranged in sections according to the type of 
Measurement being considered, rather than by device types, frequency or 
impedance range, or other possible classification. Sec. 24.1 treats the low- 
lrequency measurement of transistors, photocells, and diodes. The fre- 
(juency range considered is restricted to such low values that reactive 
‘omponents of the parameters may usually be neglected. This restriction 
simplifies the measurement problem considerably, and for many applica- 
lions such measurements are sufficient, or require only slight correction. 
In Sec. 24.2 measurement of capacitance is discussed. The reactive com- 
ponents of semiconductor devices may be measured by the same general 
lochniques as are customary with electron tubes, although several addi- 
\ional difficulties arise. Since the capacitances are functions of the operat- 
Ing point, the device must usually be measured under closely controlled 
iperating conditions. The conductance component associated with a sus- 
(#plance measurement may be far from negligible, thus restricting the ap- 
plicability of “high Q” methods. Finally, the device may not be stable 
der short-circuit conditions, so that care must be used to avoid unde- 
sired oscillations, 

Measurement of the cutoff frequency of transistors is considered in Sec. 
¥1.5, This measurement is facilitated by the use of swept frequency 
mothods with visual presentation of data, A conventional input circuit is 
tied, with special precautions to maintain high-impedance input and low- 
Impedance output connections over the wide frequency range of interest, 
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Sec. 24.4 discusses noise measurement of transistors. In studying th 
effects of noise by means of an equivalent circuit, it is convenient to em 
ploy noise generators in both the input and the output branches. Atten 
tion must be paid to the correlation which may exist between the two ger 
erators, and if they are not independent, their noise power contributio 
in the load circuit will not be simply additive. The frequency spectru! 
of noise is of considerable interest, both in application studies and fe 
better understanding of the transistor. 

In Sec. 24.5, principles and methods of distortion measurement are co 
sidered. The transistor is assumed to be operating in a region where 
cursions from the operating point are considerable, but operation is ! 
ceptably linear. In this quasi-linear large-signal region the disto bi 
terms are best handled as corrections associated with the linear cire 
equations. 4 
"Eifficiency measurements are discussed in Sec. 24.6. Although efficien 
is not strictly a small-signal measurement, the treatment is related so le 
as operation is in a region where distortion is small. 


Methods and Equipment. Modern developments in the field of elect 
test gear make possible the assembly of complex setups with a minin 
of difficulty. In particular, the ready availability of stabilized ampli 
oscillators, and power supply units has eased the burden of test cir 
design. In many cases such “building blocks” may be used in more ¢é 
plicated testing assemblies, with great economy of design effort. 

Present sources of d-c power are not well suited for transistor test 
plications, as they are usually designed as constant-voltage systems. I 
batteries, considered from this point of view, leave much to be de 
The designer of transistor test equipment often has need for a const 
but adjustable current supply. To save time, the usual solution of | 
problem is to use a constant-voltage source in series with a high resis 
or impedance. Although this may be justified as a matter of expedi 
designs should be considered which are more economical in respedl 
power and equipment. 


mm} 


General Precautions in Transistor Measurement. As in tests of ele 
tubes and other low-power and small-current devices, it is necess 
take account of possible measurement errors due to the presence of 
test equipment. This is especially important in transistor measure 
where the operating points may be at lower currents and voltages 1 
are common with electron tubes. In addition, in those circuits whieh j 
powered through high series impedances, especial care must be tak 
minimize the errors caused by parasitic shunt elements. a 

It will also be important to exercise care to avoid test conditions Wh 
exceed the safe limit for the device being measured. In the case of 
sistors the thermal time constant is very short, and high overloads 
for a small fraction of a second may cause damage. This susceptil ! 
illustrated by the forming process, where the properties of the devi 
altered in a desired manner by the application of controlled transi 
short duration, Attention is called to an obvious but important diffe 
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between transistors and electron tubes, which is that for reverse plate bat- 
tery connections the impedance of a tube approaches infinity, while reverse 
collector battery connection to a transistor results in an impedance which 
is low, but not zero. This means that the power supplied to the device 
from a low-impedance battery may be very large if the connections are re- 
versed, possibly resulting in burnout. Since the temperature coefficient of 
the barrier resistance of a semiconductor device in the operating region is 
negative, a momentary high overload may cause an effective short circuit 
of a properly connected device through overheating. A useful precaution 
is to include as a part of the battery supply a protective resistance which 
will assume the entire potential drop if the load current exceeds, by a factor 
of four or five, the design value. This precaution is sometimes justified 
even with battery supply voltages as low as three or four volts. 


Conditions of Measurement. Small-signal tests on transistors, phototran- 
sistors, and diodes should be made at the normal operating point of the 
device unless the nature of the test requires special or abnormal test con- 
ditions. If operating currents and voltages are both specified, the rated 
current will usually be the controlling condition. If the tests are to be 
made over a wide range of operating conditions, a range which includes 
regions where the rated dissipation, current, or voltage of the device is 
exceeded, the tests within normal ratings should be conducted first. It 
may be necessary to use pulse techniques to make measurements far out- 
side normal dissipation limits, since the time constant of the device will be 


oo short to permit the rapid measurements on overload which are some- 
limes practicable with electron tubes. 


24.1 MEASUREMENT OF FOUR-POLE r’s AND ALPHA 
AT LOW FREQUENCY * 


Routine measurements of transistors and other semiconductor devices 
ure usually made at low frequency. This procedure allows great simplifica- 
lion of the test equipment, since the reactive component of the impedance 
or admittance being tested may be ignored. Later measurements can be 
tnade to fill in such information as is necessary to characterize the device 
fully for the intended application. 

If the device be considered a “black box” having four accessible ter- 
iminals, indicated in Fig. 24-1(a), four independent measurements are re- 
(juired to specify its electrical performance. The particular choice of meas- 
\itements will be matter of convenience, influenced by prior knowledge of 
(he equivalent circuit representation likely to be most useful. If circuit 
(losign studies are the primary consideration, then measurement of the 
lour-pole open-circuit r’s will be convenient. For correlation of the exterior 
operties and the interior physics of the device, the representation shown 
i) Mig. 24-1(¢) gives more useful information. In practical transistor test- 


ing, it is sometimes expedient to take redundant information where this 
tan be done with little extra effort, and where it will facilitate analysis, 


A particular case is the measurement of both the four-pole r’s and alpha 
| 


"Meow, 24,1 and 24.2 ave by K, D, Sinith, 
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for point-contact units. As alpha in the physical device is the cu 
amplification factor, or ratio of increment in collector current to incremeni 
in emitter current when the collector voltage is held constant, it is mort 
meaningful in a physical study than the rz; parameter obtained by oper 
circuit impedance measurement. In the same way, the re, 7», and r, valu 
are more useful in design theory than the four-pole parameters. 


uy la 








(a) 


Vy=PMylyt Mate 
V2 = Payly +P2ate 


Py-Me T2e-Ma 


(Pat —Pya)by 






(b) 


(c) 





Pe=Mu-Me 
Pp=M2 

Po =P2a-M 
Pm=Pai-Mi2 





Fig. 24-1 Black box and equivalent 7' representations. 


24.1.1 Sratic Cuaracteristics. All of the information which eat 
obtained in low-frequency circuits by small-signal measurements (neg 
ing reactive components) may also be obtained from static character 
curves for the device, since the values obtained in the r and alpha ® 
urements represent in each case the slope of a static curve at a partit 
operating point. The choice of method used is often a matter of @xp 
ency, depending on the available test facilities as well as the amo 
information required. Where accurate information is needed for ¢l 
design purposes, it is usually advantageous to measure the parame 
rectly in a limited range of operating conditions. In a few cases, | 
the collector resistance of junction transistors, the characteristic cu 
so steep that accurate slope determinations are not practicable, Ag 
ization may perhaps be made that taking point-by-point data for ¢ 
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teristic curves is a more tedious and less accurate process than direct meas- 
urement of the parameters desired. 

For only moderate accuracy, and to survey the entire range of operating 
conditions at one time, equipment may be set up to show an entire family 
of characteristic curves for three variables on an oscilloscope. An illustra- 
tive circuit of this type is shown in schematic form in Fig. 24-2, as arranged 
to plot a family of V2 versus J curves, with various fixed J, values. The 
low-resistance components F are used to develop voltages proportional to 
current in the emitter and collector branches. As shown here, a motor 
driven switch selects one of several high-resistance series elements to pro- 
vide different constant emitter currents, while the collector voltage is swept 
over the desired range at a 60-cycle rate. The motor driven switch should 
be synchronous at some submultiple of the line frequency, to give a stable 
pattern, and the switching rate should be high enough to avoid serious 
flicker. Since the switching rate cannot at the same time be low compared 
with the 60-cycle sweep rate and high compared with visual flicker thresh- 
old, a persistent phosphor will be preferable for visual observation. 

A constant-current d-c supply with switched-current output has also 
been used in this equipment, and is preferable to the arrangement shown 
when J is the parameter being switched. When photographs are to be 
taken of a number of different families of curves, it will be convenient to 
provide the oscilloscope with cardboard masks having scale calibrations 
for each function to be plotted, and to arrange switching means to change 
from one circuit to another. 


PRECAUTION. In the circuit of Fig. 24-2, or other circuits using a 
large-amplitude sweep signal applied to the device under test, care should 


CONSTANT 
VOLTAGE 


SUPPLY 





Vid, 24e2- Static curve plotter, 
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be taken to include sufficient series resistance to protect the device duri 
the half cycle in which it is biased in the forward direction. 


24.1.2 MEASUREMENT OF Four-PoLE r’s or Low IMPEDANCE DEVICES 
For transistors of low and moderate impedance, the direct measuremen 
of open-circuit impedances is not difficult. If the transistor is suppli 
from infinite impedance d-c sources, and the signal generator and vol 
meters used for measurement are also of infinite impedance, the resistan 
parameters are, from Chapter 23, 


v1 ; 
1114 = — with output open 
WU 


v1 $a 
Tg = — with input open 
v2 


v 
Yo = x with output open 
1 


v2 s ptaes 
Yeo = —> with input open 
t2 


The circuit of Fig. 24-3 is a simplified schematic of a practical ci 
for the measurement of these r’s. The circuit is shown as set up for m 
urement of the low-frequency transimpedance, r21. Though not indica) 
in the diagram, the cathode-follower input circuit of the vacuum-tube v: 
meter and the signal generator may be switched separately to either co 
tor or emitter. This allows all four of the r’s to be measured. 

The signal generator may be any convenient and stable audio so 
which can deliver several milliwatts of power. The transformer 7’; se 
as isolation for the generator from the high-voltage d-c supply source, a 
as a voltage step-up transformer to provide a large enough signal in 
into the high resistance R,. The a-c signal current in R;, is set at a sui 
reference value prior to operation of the test set, and a reference value 





Via, 24-38) Cireuit measurement of ry 
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V.is noted. For subsequent tests the signal input is adjusted to this refer- 
ence value. 

Voltage readings are made with a sensitive a-c vacuum-tube millivolt- 
meter preceded by a cathode-follower circuit to secure a high input im- 
pedance. With suitable choice of reference input current, the decade scales 
of the millivoltmeter will read directly in ohms. 

The series resistances R, and Rz must be high enough to provide essen- 
tially open-circuit conditions for the device under test, but still low enough 
to allow the use of practical d-c supply systems. Satisfactory results have 
been obtained using d-c supply voltages in the range of 300 to 500 volts. 
Since the collector current is usually higher than the emitter current, a 
higher supply voltage would be required if the same isolating resistance 
were used. For this reason a combination resistance and reactance is used 
as the collector feed, which allows the d-c supply sources to be about the 
same, though of opposite polarity. 

Distribution curves for four-pole r measurements on a group of some 600 
transistors are given in Chapter 25. The units measured there are repre- 
sentative point-contact transistors, designed for switching applications. 


Accuracy. ; The degree to which the approximations of open-circuit meas- 
uring conditions are valid will generally be the principal error source. The 
quantity measured as 111, for example, is actually the driving point im- 
pedance, 7’11, as 


; T12721 
My a 
roo + Ry 
and the error may amount to several per cent if Ry < 1 megohm. Similarly 
; T12721 
999) = 29 ee 
mi+ R, 
oe ee 
1g IOS ae ee 
T+ Rk, 
aes (Rx) 
21. 12) ——— 
Too + Ry 


eae error in measurement of 72; may also be several per cent if Ry < 1 
megohm. 


PRECAUTIONS. Capacitances on the transistor side of the isolating 
resistances should be held to a minimum to insure circuit stability. Even 
(hough essentially open-circuit conditions are maintained at the frequency 
of measurement, oscillations may build up at other higher frequencies 
where low impedances may exist. ‘The collector should not be supplied 
through a reactance alone, or through an antiresonant circuit without series 
resistance between it and the transistor, as these are subject to high-fre- 
quency parasitic resonances, The insulation of transformer 7’, and the 
“ee C; must be adequate for the full voltage of the power-supply 
olrouits, - 
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24.1.3 PaRAMETER MrasuREMENT oF HicGH-IMPEDANCE TRANSISTORS, 
When the collector impedance is of the order of megohms, as for an n-p-n 
junction transistor, it becomes impractical to supply the d-c collector cur- 
rent from an impedance which is high compared with that of the collector, 
An alternative approach which has been used for these measurements a 
shown in Fig. 24-4. The transistor under test (shown here as n-p-n a 
collector +) is connected to a low-voltage collector battery through a dec- 
ade resistance box R, and a transformer. The emitter d-c supply is = eh / 
an adjustable resistor and a high resistance, A. A low-frequency signal is 
applied to the transformer, and the a-c voltage v2 1s adjusted to a con= 
venient reference value, such as 1 volt. The decade amplifier, selective 
network, and vacuum-tube millivoltmeter are connected to read the vol 
age across R,, which is then adjusted to give full-scale deflection on som ) 
range of the voltmeter. Neglecting small errors, which will be discusse¢ 
later, we have, from (24-1), 


Vg V9 R v2 
199 = > 8 


= =fTeotry = 1% 
12 v./Rs 





s 
i v, was set at some number of decades during the measuremen 
ee be read from the decade resistance dials as 7, + 1 
nv 

ee resistor R, is now set at some power of 10, as 100 ohms, and 
input signal v2 is adjusted for full scale deflection on some range of d 
voltmeter. This adjustment gives a known current into the transi i 
which is ig = v,/100. The amplifier is then switched to read the potenti 
from emitter to base, which gives the base resistance Rye = 01/t2 direct 
if the meter reads on scale, or with a multiplying factor if the meter ran 
must be changed to give an on-scale reading. 
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Fic, 24-4 Measurement of ry, ry of high-impedance devices, 
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Fig. 24-5 Measurement of rz — Tm, Te 


For measurement of 7m and r,, the transistor is connected as shown in 
Fig. 24-5, in a grounded-emitter circuit. For this connection 
T22 = Te — Tm +e =e — Tm (24-3) 

and 
T12 = Le 


The accuracy of these measurements depends on several inequalities, 
which are usually satisfied without difficulty. 


(1) If r. >> rp, then r, + ry = 7, 

(2) If (re — 1m) >> re, then re — Tm + Te = Te — Tn 

(3) If open-circuit parameters are being measured, R, > re, rp 

(4) The amplifier input Z > R, 

(5) X’. > re, where X’, is the reactance of the total capacitance to 
ground of collector and associated wiring 


In addition to the above possible errors, which can be held to the order of 
| per cent for r, values between 0.1 and 10 megohms, the circuit is subject 
to noise because of the low signal levels which are used. Suppose r, = 10 
megohms, r, = 100 ohms, V2 = 1 volt. Then when ry is measured, the 
signal current will be 0.1 microampere, and the a-c potential across r; will 
be 10 microvolts. To measure voltages of this order in the audio-frequency 
range without noise difficulty, it is convenient to use a selective network 
in the measuring path. A circuit which has been found useful is shown in 
I'ig. 24-6, and a typical response curve in Fig. 24-7. The effective Q of 
the tuned circuit is controlled by adjustment of the resistor R;. Stable 
operation may be obtained with the effective bandwidth less than 2 cps, 
ut an operating frequency of 100 eps. The loss of this circuit; when work- 
ing into a 500,000-ohm load, is several db at the maximum resistance set- 
ling of 2, and decreases as the @ is increased, becoming slightly negative 
just before instability is reached, ‘The device has been called an “active 
filter,” t 
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PRECAUTIONS. It will be evident from the diagrams that the collec- 
tor current flows through the decade R,, and that the d-c collector poten- 
tial is reduced from V,, being 


Vv’. = V. — I.(Rs + Ri) (24-4) 


where R; includes the resistance of the transformer, meter and battery. 
Since the parameters being measured are not highly sensitive to V., t i 
correction may often be neglected. 

In the circuits shown, the ground connection is made to the low side 
the voltmeter pre-amplifier, and is switched with it. When 7,, for exampl 
is being measured, the emitter and collector bias supplies are on the hi 
side of the signal input transformer secondary. Battery bias supplies 
recommended. If grounded bias supply circuits are used, it will be neces 
sary to design the pre-amplifier to operate with both sides of the input 0} 
ground. 

The signal generator frequency must be sufficiently stable as not to 
out of the pass band of the selective circuit during the course of the mea 
urement. 
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TO VTVM 





LOG Vin/ Vout 
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CYCLES PER SECOND 
Via, 24-7 Active filter response, 
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Fia. 24-9 Bridge method for r,, rs. 


Low-Frequency Bridge Measurements. The equivalent circuit resistances 
may be measured by audio-frequency bridge setups, as illustrated in Fig 
24-8 for re, and in Fig. 24-9 for ry and r,. The time required for balance 
adjustments is considerably greater than for the method just considered 
and difficulties due to reactive residuals and d-c isolation requirements com- 
bine to make the bridge methods rather tedious and troublesome, 

In the cireuit of Fig, 24-8 the collector and base of the transistor (ase 
sumed in this diagram to be npn) are connected to the unknown terminals 




























512 PRINCIPLES OF TRANSISTOR PERFORMANCE CHARACTERIZATION 


of a variable ratio bridge. The signal source is connected across the A and 
C terminals through a shielded transformer. Direct current to the collector 
is supplied through the primary winding of the detector input transformer, — 
and returns to ground through the bridge ratio arms. A small direct cur- 
rent also flows to ground through R;. The emitter series resistance is 
made large enough to provide essentially open-circuit conditions. It is 
noted that in this circuit the emitter bias supply and control circuits are 
floating on the A terminal, giving an unknown residual capacitance across 
the R, ratio arm. In practice, this does not give serious trouble if the ratio 
arms are not above 1000 ohms. 

When r, is several megohms, the ratio R1/R2 may be 100, if the maxi+ 
mum value of the R, decade standard is 100,000 ohms. Capacitance valu 
obtained for C, in this setup are rather inaccurate, and C, is useful pri 
cipally for improving the null balance. Better methods of capacitance 
measurement will be described in the next section. 

If the emitter and base connections in Fig. 24-8 are interchanged, wi 
suitable change in the bias supply, 


Rz = 122 = %e — Tm +e = Te — Tm (2 
from which 7, is obtained. The collector capacitance is now 


Toe — Tm 
. # Col ) = C4(1 = a) 


c 





In Fig. 24-9 the bridge is connected to measure the input resistance 
the transistor. The capacitance C3 is made several thousand microfa 
Tt serves to block d-c in the BC arm of the bridge, which will now be on 
a few hundred ohms. Two measurements are made, one with a resist 
load in the output, the other with the load effectively shorted at the si 
frequency by a large capacitor. Direct current is supplied to the collect¢ 
through a high inductance so that a low-voltage collector battery may 
used. The effective d-c collector voltage is obtained by correcting for 
tential drop in the inductance. A capacitor short is used so as to lea 
the d-c conditions unchanged for the two measurements. The resistor 
may be on the order of 100,000 ohms. If the collector capacitance is 
sumed to be zero, the two measurements give 





112721 
wn 8 a Be 
i a is T1221 

"29 

= re + ro(1 — a) 
rat 
"ga 
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If Bz) — Ree = A, then 


A Te 
rm =—-(1+— (24-9) 
a Ri, 
If C, is not neglected, the expression for 7, becomes 
Ri\? 
1 = 
A Tf; ( " =) 
%=—-*— (24-10) 


E + He [1 + (rCow)?] 


the more exact expression being necessary when an accuracy of the order 
of one per cent is required for rp. 


PRECAUTIONS. In measuring transistor input impedance, care 
should be taken not to overload the circuit, as the input impedance is 
very sensitive to signal level. It may be advisable to connect an oscillo- 
scope in the detector circuit so that the waveform of the error signal may 
be observed (when the bridge is slightly off balance). If the waveform 
away from balance is visibly distorted, appreciable errors will result. 

The capacitor shown dotted across Ry (Fig. 24-9) may be required to 
obtain a good null balance. If its reactance is very high compared with 
the resistance of Rg, the error introduced will be negligible. 


Circuit for Rapid Check of r-. A circuit which has been used to obtain a 
quick check of collector impedance of high-impedance transistors is shown 
in Fig. 24-10. A circuit of this type is useful where many transistors are to 
be tested at a single operating point. The emitter current is established 
by a battery and high series resistor. An adjustable signal is applied to a 
low resistance in the collector return lead to the base. The load circuit 
consists of a battery supply through an antiresonant circuit, an adjustable 
high resistance shunt, and the input impedance of the vacuum-tube volt- 
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meter, all in parallel. To calibrate the circuit, switch CAL 1 is operated, 
with no transistor in circuit, and the signal input is adjusted to give full- 
scale deflection on some range of the voltmeter. Switch CAL 1 is released 
and CAL 2 is operated, substituting R3 for the collector resistance to be 
measured. Rg is now adjusted to make the voltmeter read mid-scale, or 
some nominal value if R3 has been chosen as a limit resistor. A calibration 
scale may be provided to make the voltmeter direct-reading in re. If 
R3; = R; + Rg = 1 megohm, an accuracy within 10 per cent may be ex- 
pected for 0.1 < r, < 10.0 megohms. 


24.1.4 MuasurEMENT oF ALPHA. The parameter alpha is of consider= 
able importance in transistor design and in circuit applications, since it 
the short-circuit current amplification factor of the device. ; In point-co 
tact transistors, alpha is usually greater than unity and varies appreciab: 
with the operating point. A convenient circuit for direct measurement 
alpha is given in Fig. 24-11. Here the emitter circuit is substantially oper 
circuited, the resistances R,; and R, being very much greater than r, or fr 
The transformer primary and the bypass capacitor in the collector cir 
have very low impedance, while the high impedance output winding p 
vides a convenient signal for measurement. 

For calibration, the transistor is replaced by a shorting lead betw 
emitter and collector terminals (a = 1), and the potentiometer P; is 
justed for unit reading on some range of the voltmeter. The strap is 
placed by the transistor under test, and the voltmeter now reads al 
directly. 


Accuracy and Range. The accuracy will be limited by the scale accu 
of the voltmeter and the degree of approximation of open-circuit in) 
and short-circuit output conditions. The circuit is adaptable to me 
ment over a wide range of alpha; however, the precision at low alpha val 
is not as great as can be obtained in methods to follow. 


PRECAUTIONS. Care should be taken to minimize circuit cap 
and lead length in the emitter circuit to assure circuit stability. The se 
resistors should be mounted close to the transistor terminals. A protec 
resistance should be included in the collector power supply circuit bet 
the battery and the bypass capacitor, C2. 


SIGNAL 


| GENERATOR 
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Fig, 24-12 Precision alpha measurement (a ~ 1). 


Precision Measurement of Alpha Values near Unity. Junction transistors 
as presently constructed have alpha ranges from a minimum of about 0.7 
to maximum values very close to unity. A major circuit application is in 
the field of current amplification, using the grounded emitter connection. 
Here the short-circuit current gain is the ratio a/(1 — a). The factor 
(1 — a) is important in circuit design and must be accurately known. 
Hence it is necessary for these transistors to make a direct alpha measure- 
ment to three significant figures, or to measure alpha indirectly by measur- 
ing the gain factor a/(1 — a). Fig. 24-12 is a convenient circuit for the 
latter measurement. 

This circuit is similar to the one just described in that the input is 
essentially open circuit, and the output load is a low impedance approxi- 
mating a short-circuit to a-c. The transistor is operated with the emitter 
grounded (capacitor C'. bypasses the emitter current meter), the current 
gain in this connection being high enough that no step-up transformer is 
required in the output circuit. If an alternating current 7; is impressed on 
the base, the output current will be 


‘ Tm — Te P 
1g = 4 (24-11) 
Te + To — Tm 

Tm , Qa 
Wy = 
5. = Tm l—e 








uy 


since %, > 7r, and since rz — Tm, >> 7e. Hence 





(24-12) 


where K = iy/t, 
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The resistance divider Rg, R4 is used to provide a reference voltage to 
check the signal input. If Rs + R4 = 1000R4, the potential at the cali- 
brating point will be 10 millivolts when the signal input to R, is 10 volts, 
R,, R2, R3, and R, should be precision resistors. If R; = 1 megohm, and 
Ry = 100 ohms, the circuit will be satisfactory for alpha below 0.99 and 
I, greater than 200 microamperes. For higher a, the signal input may be 
reduced; and for extremely low d-c values, R2 must be increased to obtain 
a usable output voltage. 


Accuracy and Range. This method is capable of alpha determination to 
the order of 0.1 per cent, or better if extreme care is used. Thus if a = 0.98 
+.001, 1 — a = 0.02 + .001, an accuracy of five per cent. Some of the 
sources of error are: 


(1) re is neglected in equation (24-11). At a representative curren 
value J, = 1 ma, we may expect r, to be near 25 ohms for a juncti 
transistor whereas r, — 7% should be greater than 25,000 ohms. It 
extreme cases, where a is very near unity and r, is low, neglect of 7, 
can cause an appreciable error in a. | 

(2) The load impedance is not zero. This can also cause an apprecia 
error when 7, — 7m becomes small, as above. 

(3) The input impedance is finite. With R, = 0, the input impedan 
reduces to 





Rin = 7h + Te (24-1 


1—- 


which may be appreciable compared with R, or Rg. 

(4) Incidental errors such as voltmeter scale calibration, errors in 
sistance values, impedance of C, and C2, which may be reduced 
any desired degree. 

(5) A waveform error will be introduced if the signal current in the 
put becomes an appreciable fraction of the d-c. For high-alpha t 
sistors, the input current should be held to the order of 1 mi 
ampere. 


PRECAUTIONS. This method fails if alpha exceeds unity, as a t 
sistor with a > 1 is unstable in a circuit with high base impedance. ( 
method which follows may be used in this situation.) Some protective 
sistance should be included in the collector or emitter circuit, to pre 
damage to the transistor if excessive inputs are applied to the base. 


Null Method of « Measurement. A number of possible null balance ¢ 
cuits may be used for measuring a values either above or below unity. 
one illustrated in Fig. 24-13 is in effect a bridge circuit with four resis 
arms; however, the current flowing in Rg is equal to at., if Ry K ro. Th 
fore, in order to obtain zero signal across the detector transformer 
winding, if Ry > r, and Rs > r., 


R. R R 
—=— and ao — 


Ry aky Ry 
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Fig. 24-138 Null method of alpha measurement. 


PRECAUTIONS. Capacitors C2 and C3 should have negligible reac- 
tance compared with R2 and Rs, respectively. Inductance L should have 
a reactance very large compared with R3, or should be an antiresonant cir- 
cuit tuned to the signal frequency. The small variable capacitor C, shown 
across R; may be required to improve the null balance by compensating 
for reactances associated with the transistor. 


Results of Measurements of Junction Transistors. Distribution curves for 
parameter measurements of representative 
n-p-n junction transistors are given in Figs. 
24-14 to 24-18, inclusive. The measure- 
ments were made at a collector potential 
of 4.5 volts, and at an emitter current of 1 
milliampere, except for the J,, measurements 
of Fig. 24-18, which were made with open- 
circuit emitter. The solid curves refer to 
311 units made during February 1952; the 
dotted curves are for 94 transistors made 
from a single n-p-n crystal. 

In Fig. 24-14, the ordinate is plotted as 
percentage of the total having alpha greater 0.80 085 0.90 0.95 1.00 
than the indicated abscissa value. This a 
presentation was chosen to facilitate estima- ——~ FEB. 1952 
tion of the probable yield which would be Deere ee 
obtained for various alpha limits. Thus with Fig. 24-14. Distribution of 
a requirement that alpha be greater than pha values, development- 
0.95, 70 per cent of the February product ™odel junction transistor. 
would meet the limit, or 95 per cent of units 
made from material similar to crystal III 431 would be expected to 
meet this alpha limit, The test cireuit of Fig, 24-12 was used for these 

measurements, 

In Fig. 24-15, the ordinate is plotted as percentage of produet for which 
do is lows than the indicated absciawa value, Collector conductance is 
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Fig. 24-16 Distribution of ro val 
development-model junction transisto 


Fig. 24-15 Distribution of g, values, 
development-model junction transistor. 


plotted here, rather than collector resistance, to avoid emphasis of the @ 
tremely high resistances which are often obtained in junction transistors 
In practical circuit applications it is expected that a shunt conductan¢ 
component of less than 14 micromho will be of little consequence, if th 
circuit must also accept other transistors of the same type with a collect 
conductance of 1 micromho or mor 
In Fig. 24-16, the distribution of ry 
plotted as percentage of total produ 
with ry less than the abscissa val 
The median r, for crystal III 481 
significantly higher than for the Febr 
ary production. Since low rp is desl 
able, in this respect the transistors m 
from crystal III 431 are inferior to t 
average unit made in February. 
Measured values of r. are given | 
Fig. 24-17. Since the measuremen 
were made at a d-c emitter current 
1 ma, the emitter resistance should | 
25.9 ohms in all cases, according 1 
theory. In the theoretical derivation 
number of simplifying assumptions 
made, which are not strictly true 
physical transistors, so that some d 
parture from the 25.9-ohm val 
found. It may be noted that 80 per cent of the measurement 
within +10 ohms of the theoretical value, however. 4 
For the saturation current measurements shown in Tig. 24-18, the 6 
nate is the percentage of product with 7,5 less than the abscissa 
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Fig. 24-17 Distribution of re 
values, development-model 
junction transistor. 
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Fig. 24-18 Distribution of I,. values, development-model junction transistor. 


The measurement of Io was made with open-circuit emitter, and a collec- 
tor-to-base potential of 4.5 volts. The collector current is thus measured 
at the arbitrary operating point, V, = 4.5V,I, = 0. 


A summary of the process yields in fabrication of the transistors used in 
these tests is given in Table 24-1. 


TABLE 24-1 PROCESS YIELDS, GROWN-JUNCTION TRANSISTOR 


———————— 


February Crystal 

1952 III 431 
Crystals worked 15 1 
Slices worked 37 8 
Bars worked 445 114 
Bars passing Z check 394 107 
Operable units 311 94 
Class 1 and 1A units 160 66 


_O 


Although 15 different n-p-n crystals were used in February, not all of 
the material of these crystals was used. To produce the 445 bars would 
under present material supply conditions, require full utilization of no more 
than five crystals. The 114 bars were obtained from crystal III 431 after 
two central slices were reserved for other uses. The Z check mentioned in 
the table is an ohmmeter test after etching, to show the presence of a high- 
impedance junction, Class 1 and 1A units are those meeting all test limits 
ut Vo = 4.5V, J, = 1 ma, The tentative test limits were: 1 > a > 0.95, 
ro > 0.5 megohm, ry < 1000 ohms, 7, < 50 ohms, Joy) < 80 microamperes, 

Crystal [11 431, used as a comparivon for this study, was not outstanding 
in any single respect, It represented material having properties well within 
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the limits requested of the material supplier, and was fully fabricated with 
the exception of the two slices normally reserved. The yield of 1 and 1A 
transistors from this crystal was unusually high, indicating a combination 
of qualities well suited to present fabrication techniques. Measured values 
for crystal III 431 were: collector resistivity, 1.5 ohm-cm; emitter resis- 
tivity, 0.01 ohm-cm; p-layer width, 1.8 to 2.2 mils; minority carrier lifetime 
in collector material, 35 microseconds. 


24.1.5 PHororRANSISToR MrasurEMENTS. The phototransistor may be 
considered, from the standpoint of electrical measurements, as a transistol 
in which connection to the emitter is made through a photoelectric trans= 
ducer. Thus only two electrical connections are available. As indicated 
in Fig. 24-19, the low-frequency equivalent circuit may be considered as a 
series combination of the resistance of the reverse biased collector 7, am 
rp, the ohmic resistance of the semiconductor material. A current gene 
tor kL is assumed across the collector barrier, which may be a p-n junctiol 
or a formed point contact. The factor k is similar to alpha for conventiona 
transistors, in that it relates the change in collector current to the chan 
in light flux, where the light L corresponds to emitter current %¢. Fo 
junction phototransistors the quantity 7, is very high, while 7, is low, ust 
ally less than 100 ohms. In some applications both may be neglected am 
the approximate circuit shown at the right of the diagram may be used, 

At high signal frequencies the capacitance across the collector ba 
must be considered. If the light input be varied sinusoidally, so that 


L= Lo + Ly cos wt (24- 
the output signal will be 
° kLyr, 
V = OOOO 
ry bre + Bi + jocre(ro + Rx) 


dif re > Rx, Te, 
and If 7 Lyd kL 


1 + joc(ry + Rx) 


This result will be modified somewhat in practice by the distribution 
light over the semiconductor, and the diffusion distance. 

The high resistance r, may be measured by methods described earlier 
this section for collector resistance. An approximate measurement of { 


it = 


kL (~) kL 
kL» 
Yb lb 


COMPLETE APPROXIMATE 


LOW-FREQUENCY EQUIVALENT CIRCUITS HIGH =FPREQUENCY EQUIVALENT GIRE 


Tra. 24-19 Hquivalent circuits for phototransiator, 
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low resistance r, may be made by biasing the cell in the forward direction 
and using methods as for rj; of a transistor. For this measurement the 
direct current should be several milliamperes to make the forward junction 
resistance low compared with the body resistance of the material. Less 
satisfactory methods of approximation of r, are to make the above meas- 
urement with the unit flooded with light, thus reducing r, to a low value, 


or to calculate ry from the dimensions of the device and the resistivity of 
the material used in its construction. 


APERTURE OF 
KNOWN AREA 

PROJECTION ‘ 

TYPE LAMP 


SHORT FOCUS 
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REFERENCE 
FOOT-CANDLE 
|_| METER 


Fig. 24-20 Photocell sensitivity measurement. 


Routine measurements of the light sensitivity may be made as indi- 
cated in Fig. 24-20. While this is not strictly a small-signal measurement 
the values so obtained are in fair agreement with those which would be 
measured by using small-signal methods. An incandescent lamp source is 
placed some distance from an aperture of known area, and the light inten- 
sity at this point is measured, from which the light flux ¢ in lumens pass- 
ing through the aperture is computed. This light is concentrated on the 
sensitive area of the phototransistor by a lens of short focal length. The 
light spot on the photocell is an image of the light source, reduced in size 
by the ratio of image distance to object distance from the lens. Readings 


of the microammeter are taken with and without illumination, and the 
factor k is computed as 


k= a 1 
= a amperes/lumen 


For point-contact phototransistors the sensitivity is dependent on the 
operating point, and k should be measured under conditions approximating 
those of use. Junction-type phototransistors are more linear, k being sub- 
stantially independent of the conditions of measurement. 

It should be recognized that semiconductor photo devices have high 
sensitivity in the infrared, and that the above measurement gives relative 
values only, as it uses a visual illumination reference, ‘The relative values 


will be consistent so long as the same setup is used and if the lam z 
perature is not changed, amp tem 
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Fig. 24-21 M1740 phototransistor, control chart for k. 
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Fig. 24-22 M1740 phototransistor, control chart for dark current. 


Measurements of a number of n-p junction phototransistors are sh 
in Figs. 24-21 and 24-22. The data are plotted in control-chart form 
permit evaluation of the fabrication process. The low sensitivity and 
dark current of Group 7 (four units) suggest an assignable cause of vi 
tion. Process yields of phototransistors fabricated during a three-m: 
period are given in Table 24-2. 


TABLE 24-2 JUNCTION PHOTOTRANSISTOR 
Process Yield, Period January 1, 1952 to March 31, 1952 





Total bars processed 315 100% 
Completed phototransistor units 299 95% 
Acceptable units on electrical test 256 81.8% 


ACCEPTANCE LIMIT: 20 microamperes maximum dark current at 90 volts — 


TE 


24.1.6 Diopz Mrasurements. The characteristics of diodes 
measured are the forward and reverse currents at specified voltages, 
voltages are measured for specified currents. It is sometimes desira 
determine the small-signal properties of diodes, and these measu 
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Fig. 24-23 Diode impedance measurement in breakdown region. 


may be made using methods outlined in this section. Three regions are of 
interest. ; 

(1) In the forward bias condition the diode presents a low impedance to 
a-c signals, and this impedance may be expected to be sensitive to the 
operating point and to the signal amplitude. Methods of small-signal 
measurement in this region will be the same as for measurement of 7, for 
a transistor. A known small input current is applied, and the signal voltage 
across the device is measured. 

(2) The reverse impedances of diodes may be measured in the same man- 
ner aS 792 of transistors. The actual circuit used may be simpler as only 
one impedance and one d-c source are involved. For the accuracy usually 
required, the method of Fig. 24-10 would be satisfactory, and is very con- 
venient. If the method of Fig. 24-4 is used, the series resistor R, may be 
located on the ground side of the diode, so as not to require a special volt- 
meter circuit. 

(3) In the breakdown region, a junction diode exhibits a very low a-c 
impedance combined with a high d-c reverse potential. Although large- 
signal or pulse methods are usually used for measurement of breakdown 
characteristics, the impedance at a particular operating point may be an 
important parameter; and it is readily measured, as illustrated in Fig. 
24-23. A reverse bias greater than the breakdown voltage is applied to 
the unit under test through protective resistance R,, which may be ad- 
justed to provide the desired d-c operating condition. An a-c signal is 
applied through the transformer 7;, and the signal current is read by 
measuring the potential across a low resistor Ry. The signal voltage is 
measured across the diode, and the impedance is 


ve 0 
rp = — Ry (24-18) 
uy ry 


PRECAUTIONS, Care should be exercised that the a-c signal is not 
so large as to swing the instantaneous operating point out of the breakdown 
rogion, for this will yield entirely erroneous results, 
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While the device is passing current in the breakdown region, it must 
dissipate power equal to W = VzlI at the junction. It may well be that 
this power is excessive at a desired test point; if so, special techniques with 
low duty-cycle operation will be required. Further diode tests are dis 
cussed in Chapter 25. 


24.2 MEASUREMENT OF CAPACITANCE 


The measurement of capacitances associated with transistors is rathe’ 
more difficult than for equivalent electron-tube devices. As the capach 
tance to be measured is dependent on the operating point at which 
measurement is made, meaningful measurements must be made und 
closely simulated operating conditions. The resistive components ass0 
ciated with the reactances to be determined are sufficiently low as to mak 
“high Q” measurement unattractive, while methods which require larg 
signal voltages across the unknown are not useful because of the variatid 
of capacitance over the signal cycle. Finally, if the four-pole admittance 
are measured, care must be taken (with transistors having a > 1) 
there are no spurious oscillations due to short-circuit instability of 
transistor. 

It therefore appears reasonable to separate the discussion into parti 
considering first the measurements of transistors with a less than unit 
and second the methods to be used on transistors with higher a. In th 
first case, which ordinarily applies to junction transistors, questions of ¢ 
cuit stability do not usually arise. Thus any equivalent circuit may 
used as a basis for measurement. In the second case, especially at h 
frequencies, measurement of the four-pole admittances is desirable. If 
is done, difficulties may arise because of circuit instability. However, t 
advantages of short-circuit measurements in reduction of trouble due 
parasitic components more than balance the instability troubles. 


24.2.1 CAPACITANCE MEASUREMENT OF JUNCTION TRANSISTORS 


Low-Frequency Bridge Measurements. The accuracy obtainable in audi 
frequency bridge measurements of small capacitances is rather low. Sine 
test equipment operating at higher frequencies i is readily available and jy 
sents fewer difficulties in operation, it is suggested that capacitance m 
urements be made above the audio-frequency range. 


Radio-Frequency Substitution Bridge. The direct substitution brid 
shown in Fig. 24-24 is suitable for the measurement of transistor capt 
tance and conductance in the low radio-frequency range. <A prelimi 
balance is made, using convenient values of Cr and Gr, which do not nom 
to be known. -At balance, however, Cs and Gs must be larger than th 
quantities to be measured. The unknown to be measured is now connedl 
at X, and a new balance is obtained by changing C's and (yg only, te 
initial values of the standards were Cs; and Gg;, and the final values 
Cg and Gyo, the capacitance and conductance of X are obtained by si 
subtraction; 
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Fig. 24-24 Substitution bridge. 


OTE: 
SHIELDING 1S NOT SHOWN 


C,z = Csi = Cs 
and 


2 Gs1 — Gye 


When the transistor is connected as indicated in Fig. 24-24, the quantity 
measured is the series parallel combination of 7», 7-, and C,, and in order 
to obtain an accurate measurement of the collector capacitance, the effects 
of ry and r, must be considered. It will be evident by inspection that at 
low frequencies the effect of r, will predominate, and at very high frequen- 
cies ry will become increasingly important. The optimum frequency will 
depend on the characteristics of the transistor under test. With grown- 
junction transistors it is considered that the optimum frequency for collec- 
tor capacitance measurement is on the order of 500 ke. 

The transistor input impedance may be measured in the bridge circuit 
shown, by connecting to emitter and base. However, it will be difficult to 
obtain a good approximation to open-circuit output impedance, and meas- 
uring in terms of the short-circuit admittance equivalent circuit, as con- 
sidered later in this section, will be more straightforward. 


PRECAUTIONS. ‘The signal input to the transistor under test must 
be reduced to the point where the balance point is not affected by further 
decrease of signal, in order to avoid errors due to nonlinearity. This pre- 
caution is particularly important when measuring input admittance. The 
antiresonant collector feed filter LC2 should be tuned to the measuring 
frequency. 


Q-Meler Measurements, Collector capacitance of junction transistors 
may be measured with a Q-meter, using an adapter circuit for direct cur 
rent supply as shown in Fig, 24°25, 1, is a suitable coil to resonate Cy at 
the frequency of measurement, ‘The reactance of Cy should be very low, 
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Q-METER Ve Te 


Fia. 24-25 @-meter capacitance measurement. 


and the reactance of L, should be high compared with L,. R, is a high 
resistance series element to approximate open-circuit emitter at the sign 
frequency. 
The circuit is first resonated with no transistor and with the circuit opt 
at A. When C, and Lz are added, the differences in C; and Q allow det 
mination of the shunt admittance of the collector supply circuit. 
transistor is then connected and new values of C; and Q are noted. TT) 
difference in settings of C, represents the effective collector capacitar 
and the effective conductance may be calculated from the Q readings, 
susceptance of Lz should be included in the calculation, if it is signifien 


PRECAUTIONS. The optimum frequency of measurement will dep 
on the transistor being measured, and a frequency should be chosen whi 
will allow a reasonably sharp resonant response when the transistor 
circuit. On the other hand, the Q value should not be high enough to 
load the collector with a-c signal (full scale on the Q voltmeter repre 
a peak-to-peak signal of 14 volts on the transistor). This condition 
be avoided by reducing the signal input to utilize the Q-multiplying fact 
provided on the instrument, and by not attempting to measure at very | 
collector voltages. 

Where rapid checks of a number of junction transistor collector cap 
tances are required, a test circuit of the type shown in Fig. 24-26 m 
used. This circuit avoids a difficulty occasionally found in comm 
capacitance checkers—that the signal voltage across the unknown is | 
large for use with transistors. In the illustration, a low-voltage sign 
provided by a junction transistor oscillator operating at a collector | 
potential of less than one volt. The frequency of operation is determ 
by the resonant circuit L1C2 with some modification by the parasitic 
mittances of the radio-frequency chokes and the oscillating transinl 
C1, C3, and C4 have low reactances at the signal frequency. FR, is & 
resistance element used to set the operating point of the oscillating 
sistor, which operates with the base grounded to an a-¢ source, at 
emitter grounded to a d-c source. 

The measurement is made by first setting the calibrated capacitor ¢ 
a reference value, and tuning the heterodyne detector to sero beat with 
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Fig. 24-26 Rapid check of C, of junction transistors. 


oscillator. The test transistor is now added to the circuit, and Cy is ad- 
justed to obtain zero beat. The change in C2 represents the effective col- 
lector capacitance of the unknown with an accuracy which is limited by 
the sensitivity of the oscillator frequency to the conductance component 
added, since this effect is neglected in the measurement. The circuit may 
readily be checked with passive known combinations of susceptance and 
conductance to establish the useful range. 

An alternative method of detection is to replace the heterodyne detector 
with an amplifier, limiter, and discriminator feeding a d-c meter which may 
be calibrated to read directly in micro-microfarads. 


PRECAUTIONS. The L/C ratio of the tuned circuit should be rather 
low, thus sacrificing frequency sensitivity (cycles/uuf) to obtain an anti- 
resonant impedance which is low compared with the resistance component 
of the unknown. The accuracy of indication should be checked with known 
values of capacity and resistance. 


Capacitance Measurements of Junction Transistors. The results of a series 
of capacitance measurements on laboratory production junction transistors 
ure indicated in Figs. 24-27 and 24-28. In Fig. 24-27 the measured collec- 
tor capacitances of forty units selected at random from forty different n-p-n 
crystals are plotted versus the collector voltage. The emitter current was 
set at 1 milliampere d-c for each measurement. Dotted lines show the 
extremes of capacitance values measured, The data show that for this 
(transistor, variation of collector capacitance with collector voltage is 
intermediate between the inverse square root and inverse cube root rela- 
tionships, 

The collector capacitance measurements for 44 transistors made from a 
ningle n=pen eryatal (LLL 431) are shown in Fig, 2428, Here the dispersion 
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Fig. 24-27 M1752 transistor, collector capacitance. 
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Fig. 24-28 M1752 transistor, capacitance of units made from the same @ 


of the measurements is somewhat less than for the units made from 
crystals, and the median capacitance is slightly lower. 


24.2.2 MBASUREMENT OF CAPACITANCE OF Potnt-CoNnTACcT 
rors. The measurement of capacitance of point-contact tr 
high frequencies requires careful handling and good experimen 
niques, because of the small quantities to be measured and the o 
cultios mentioned at the beginning of this section, A method w. 
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Fig. 24-29 Equivalent circuits for admittance measurement. 


been used in the 20- to 30-megacycle region illustrates the short-circuit ad- 
mittance measurement. The equivalent circuits used are shown in Fig. 
24-29, the choice of admittance representation being taken because of the 
ease of correcting for parasitic capacitances. ‘ 

For the measurement of 41, a Q-meter set-up is made as indicated in 
Fig. 24-30. The resistances R, and R2 are high compared with the quan- 
tities being measured, while C;, C2, and C3 are made less than, say, 5 ohms 
at the frequency of measurement. Three readings of Q and C are made, 
first with the circuit open at A, then with the circuit connected but with 
no transistor, and finally with the transistor. This procedure allows sepa- 
ration of stray admittance from that of the transistor being measured. If 
the circuit oscillates when connected as shown, it will be necessary to reduce 
the capacitance of C, or add positive resistance in series with C, to obtain 
a stable circuit. If such measures are taken, it will of course be necessary 
to measure and correct for the anti-sing components as well as the strays. 
The short-circuit output admittance yo2 is measured in a similar circuit, 
and requires similar precautions. 





QeMETER 
Via, 24-80 Qemeter measurement of yu 
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(8) FEEDBACK ADMITTANCE 


(b) FORWARD TRANSFER ADMITTANCE 
Fig. 24-31 Measurement of yi2 and yi. 


For the measurement of y12 and yoi, the Q-meter is not well adapt 
and a transmission-type measurement is made. If the applied voltag 
and the short-circuit current 7; are measured, the equivalent circuit of I 

24-29(a) reduces to that of Fig. 24-31(a), and similarly Fig. 24-29(b) 1 
duces to Fig. 24-31(b), where the components to be measured are ing 
the dotted lines. In the circuit shown (for y,2) in schematic form in I 
24-32 it is seen that the signal generator supplies the circuit under 1 
through a high reactance capacitor C; and a blocking capacitor C9, 
small series resistor R, is included in the short-circuit path for 7, and 
high-gain selective detector is connected through an attenuator to Ry 
that the current in R; may be measured. The input voltage is measu) 
with a low-capacitance voltmeter at V2 and the d-c supplies are thro 
high series resistances. It will be seen that if an external suscep 
—bi2 is added across yy, the ratio 7;/vg will be a minimum, and | 
equal gi2. However, the sign of gi2 is not indicated, and in the ab 
of suitable phase indicating meters, the sign may be determined by adé 
a small conductance, g, and noting whether 7; increases (g;2+) or deere 
The added susceptance —b,, is removed from the circuit and meg 
and its negative gives bj9. 


ATTENUATOR Coz 


yf fs) td 
| 
| 
Ra Ra 
SELECTIVE ; 
DETECTOR | Ry i GENERATOR 


Via, 24-82 High-frequency admittance measurement, 
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The forward transfer admittance yo; is measured in a similar circuit, 
with the signal input and voltmeter transferred to the emitter side, and 
the low resistor and detector to the collector side. 


PRECAUTIONS. As in the measurement of y1; and yoo, the circuit 
may oscillate with particular values of blocking capacitors, etc., and suit- 
able stabilizing elements may have to be added and corrections made for 
them. 





Fie. 24-33 Susceptance variation method. 


Susceptance Variation Method. A method well adapted to measurement 
of four-pole admittances * at high frequencies is indicated in Fig. 24-33. 
In this figure y.; and y-2 are variable low-admittance elements used for 
coupling the input or output circuits to the signal oscillators; V; and Vo 
are measured by high-impedance voltmeters (probe detectors followed by 
high-gain amplifiers), and y;, yg are calibrated variable-admittance ele- 
ments which may be coils and capacitors, or lines of adjustable length. 
The sequence of operations, which is described in detail in the reference, 
may be outlined as follows: 

For measurement of yi; or Y22, the opposite pair of terminals is shorted, 
the input circuit is resonated by adjustment of y; (or yz), and the incre- 
ments in susceptance and conductance due to y; (or yo2) are determined 
by measuring the resonance curve at the half-power points. Care should 
be taken that the signal generator and detector do not load the circuit and 
introduce errors. 

For measurement of y;2 the signal generator is coupled to y2 and the 
ratio of vy/vg is determined when y; is at resonance. This information 
taken with that previously obtained for y;; will give the magnitude of yj. 
‘The magnitude of the forward admittance may be obtained in a similar 
manner. 


24.3 MEASUREMENT OF CUTOFF FREQUENCY IN 
POINT-CONTACT TRANSISTORS ft 


It is often desirable to predict the small-signal behavior of transistors in 
arbitrary circuit configurations. For such purposes a three-terminal tran- 
sistor can be completely described if and only if the phase and amplitude 


"IRE um endaide on Hleotron Tubes, Proe, dnat, Radio Nngra, Vol, 88 (August 1060) 
pp, 94 
{ Soo, 24,8 la by J, 1, mene Jey 
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of four independent quantities are known at all frequencies and at a 
values of applied bias. Thus, even if all transistors had identical proper= 
ties, the empirical information required for a complete specification would. 
constitute an enormous mass of data, and without simplifying assumptions 
of some sort, circuit design based on the data would involve lengthy nu 
merical analysis. 

Fortunately, however, in the case of point-contact transistors, choices of 
the four independent quantities can be made in such a manner that only 
one of them varies with frequency in a major way. For purposes of me 
urement, the most satisfactory frequency sensitive quantity to choose 
alpha. In what follows, the physical reasons will be given for the fae 
that only one parameter is sensitive to frequency, and some suppo 
experimental data will be quoted. 

A further simplification of the problem is found in the empirical fact tha 
the frequency dependence of alpha can be approximately described 
terms of the cutoff frequency or 3-db-down point of the magnitude of alph: 
Once the cutoff frequency is known, the phase and magnitude of alpha 
be predicted at other frequencies. 

Since the cutoff frequency of alpha must be measured for many transl 
tors, a method is selected which is rapid and convenient. The method 
be described fulfills the requirements of rapidity and convenience by pi 
senting the function alpha versus frequency as an oscillogram. 

In order that such an oscillographic presentation be possible, the ¢¢ 
ponents of the measuring system must meet certain specifications. I 
the actual circuit which measures alpha, i.e., generates a voltage prop 
tional to alpha, must be sufficiently broad-band to cover the req is 
range of frequencies. Second, the source of high frequency used to active 
the measuring circuit must continuously sweep through the requisite 
at a rate sufficiently rapid that the output of the measuring system can 
viewed as a single oscillogram. 

In the following, the requirements placed on the measuring circuit 
swept-frequency generator will be discussed. Finally, a system for & p) 
ticular job will be described with an explanation of the necessary ¢ 
promises involved in the design. 

Although this discussion will be confined to the case of point-cont 
transistors, the same principles of measurement can be used to determ 
alpha versus frequency in junction transistors. 


24.3.1 PosstBLe EQuIVALENT REPRESENTATIONS OF TRANSISTORS, 
though the four complex quantities which completely describe the am 
signal behavior of the transistor can be chosen in an infinity of ways, 
two choices illustrated in Fig. 24-34 are most common: First, the tran 
tor may be considered as a perfectly arbitrary two-terminal pair wh 
may be described by ri1, 712, 721, 722." Second, as shown in Sees. 10, 
10.7.6, the parameters may be related to the physical behavior of th 
vice through the values of r., 7», %, and a, The quantity av, rep 





* Complex impedances should be designated 2, ete. The r's are used here t 
they are more familiar, 
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BY DEFINITION aa—(lle 
Ole/ Ve=coNnst 


a=at (a-1) 


OR a=-(i} 
le} Vc=0 


Fria, 24-34 Equivalent circuits for grounded-base transistor, showing relations be- 
tween a, a, and a. 


aT Arai Bo 


the magnitude of a current generator in shunt with r,. Instead of az,, its 
lhévenin-equivalent series voltage generator rz. is frequently used. A 
detailed discussion of these various representations of the transistor equiva- 
lent circuit is given in Chapter 23. 


24.3.2 CURRENT KNOWLEDGE OF THE FREQUENCY VARIATION TRANSIS- 
TOR PARAMETERS. The main portion of the frequency variability of the 
transistor is associated with its behavior as an active device. The extent 
to which the transistor is active is reflected in the value of one of the three 
parameters 7g], @, Or Tm, depending on the particular equivalent circuit 
chosen. Of these three parameters, the one most conveniently measured 
as a function of frequency is a. Actually the quantity measured is alpha 
which is defined precisely in the next section (also, see Fig. 24-34); how- 
ever, under usual conditions the values of alpha and a are practically indis- 
linguishable. In the remainder of this discussion, no attempt is made to 
differentiate between alpha and a. 

The paragraphs which immediately follow summarize the physical justi- 
fication for the statement that alpha is the primary determinant of fre- 
quency performance. Experimental data will be quoted in support of that 
statement, and additional evidence will be cited showing that the variation 
ol alpha in many transistors can be predicted from knowledge of the cutoff 
frequency, i.e., the frequency for which the magnitude of alpha is 3 db 
below its low-frequency value. 

‘The parameter a represents the net effect of the emitter current on the 
collector, Tt is the product of three distinct factors, a, 8, and y. The 
ratio of emitter hole current to total emitter current is y, the fraction of 
these holes which reach the collector is 6, and the inherent current-multi- 
plication factor of the collector is ay, That is, in pointecontact transistors 
the collector collects all the holes whieh roach it and emita (ay = 1) loo: 
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trons for every hole collected. These (a; — 1) electrons are in addition t¢ 
the electron current which flows across the collector barrier in consequen¢ 
of the barrier bias potential drop. | 
The present state of knowledge of these three variables may be 8 
marized as follows. The emitter efficiency y is believed approximately inde. 
pendent of frequency on the basis of p-n junction theory. The mechan sm 
of a; is not yet clearly understood, and this factor may be frequency-sensh 
tive. The transport factor 6 represents a delay as well as an attenuati 
in hole transfer. Thus, at least the phase of 6 must be a function of f 
quency. The magnitude of 8 is expected to decrease as the frequency ris " 
not because fewer holes arrive at the collector, but because the alterna hi 
component of the current is smoothed out by the simultaneous arrival ! 
the collector of holes which left the emitter at different times. _ This cd 
persion in transit time is caused partly by the random walk associated W 
diffusion, and partly by the dispersion in drift time associated with 
non-uniform electric field in point-contact geometry. These last effec 
arise because the holes spread out as they leave the emitter and take ¢ 
ferent paths to the collector. The spreading of the holes as they leave i 
emitter will carry them into regions of different electric field, since the fi 
in the germanium is primarily the result of the collector current flow 
therefore will vary from point to point. The variable magnitude of 1) 
electric field will in itself cause spread in the transit times, and the eleet 
field direction, being also variable from point to point, will cause th 
holes which travel in regions of weakest field to take the longest pat 
Thus, the transit time dispersion comes about from the compou 
interaction of the variations in magnitude and direction of the eledt 
field. : 
The available data concerning design factors which affect alpha at hi 
frequencies tend to confirm the picture outlined above. For example, 
increase in collector current increases the high-frequency cutoff of alp 
as we would expect, since increased current gives increased field and | 
creased total transit time. A decrease in total transit time will mew 
decrease in transit-time spread as well, whether the spread arises ft 
diffusion or from path differences. Again, increased emitter-to-collo¢ 
point spacing decreases alpha at high frequencies. Here, the decre 
collector field and the increased distance both cause increased spreid 
transit time. f ; 
Measurements have shown that both the phase and amplitude of al 
can be approximately predicted at all frequencies once the cutoff frequent 
is known. Ryder and Kircher * have described experimental results wh 
show that the phase and magnitude of alpha are related as though p 
were the transfer function of a “‘minimum-phase”’ passive circuit; that 
the phase shift of alpha is the minimum allowable on the basis of the 
tion of the magnitude of alpha with frequency. Consequently, the ph 
calculable from the amplitude and need not be measured sep 





“Rk. M. Ryder and R. J. Kircher, “Some Circuit Aspects of the Translator," 
Syatem Tech, J, Vol, 28, No, 8 (uly 1949) p, 867, 
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Methods for making these calculations can be found in books on network 
analysis, e.g., Bode, p. 305.* 

In addition, the magnitude of alpha decreases with frequency in approxi- 
mately the same fashion for all transistors if the frequency scale is appro- 
priately magnified or contracted. The asymptotic slope of this decrease 
falls in a narrow range somewhat greater than 6 db per octave. A single 
measurement of the magnitude of alpha in relation to its low-frequency 
value suffices to determine the magnification factor for the frequency scale 
and hence to specify the entire curve. The measurement usually taken is 
the 3-db-down or cutoff frequency of alpha, i.e., the frequency for which 
the magnitude of a” is 44 the low-frequency value. Thus it is believed 
that for approximate circuit design purposes both the amplitude and phase 
variations of alpha can be predicted from a knowledge of the cutoff fre- 
quency. 

The parameters r,, 7,, and r. have less to do with the determination of 
frequency performance of the transistor, as will be seen in the following 
paragraphs. 

By direct measurement of point-contact diodes and of point-contact 
transistors, 7, is found to be resistive and approximately constant to about 
200 megacycles. Since the collector is a small-area p-n junction, the capaci- 
tance associated therewith should indeed be negligible in this frequency 
range. Thus, except for the effect of socket and wiring, the collector ca- 
pacitance should not limit the frequency response of point-contact transis- 
tors. This is in distinction to the situation for junction transistors, which 
have much larger collector barrier areas, hence larger capacitances. 

The base resistance r, although slightly sensitive to frequency, is small 
enough to be neglected in most cases. Conductivity modulation by holes 
from the emitter has some effect on ry, and hole storage and transit time 
effects will cause the base impedance r, to have a reactive component; but 
ry can usually be approximated by a small constant and the reactive com- 
ponent may be ignored. 

The parameter next in importance to alpha in determining frequency 
performance is probably the emitter impedance z, (designated r. at low 
frequencies). The emitter is presumed to be a p-n junction, or at least to 
behave like one. As such, r, should have a reactive component at high 
frequencies because of hole storage close to the emitter point. Holes are 
stored here since the emitter hole current must be carried by diffusion close 
(o the point of origin. The reactive component of r, has been given limited 
study. It has been found to be series capacitive at low emitter currents 
und to become series inductive at large emitter currents, going through zero 
for one value of current. The maximum value of this reactance approaches 
equality with the resistive component of 2, at approximately 150 mega- 
vycles, ; 

Certainly the next approximation to the specification of transistor per- 
formance versus frequency is likely to include the reactive part of z, al- 


"TL W, Bode, Network Analywia and Feedback Amplifier Design, D, Van Nostrand 


Company, Ino, 145, p, 805, 
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though for present purposes it is satisfactory to concentrate attention on 
alpha. 


24.3.3 Mrruop or MEasurRING ALPHA VERSUS FREQUENCY. A determi- 
nation of the 3-db-down point of alpha is conveniently made using a swept- 
frequency method * based directly on the definition of alpha, which is: 


(= ys = 
a= 
e@ c= const. 


where I,, I., and V, are the total collector current, emitter current, a 
collector voltage respectively. 

If the small a-c components of these currents and voltages are designated 
by lower-case letters, alpha can be written a = —1,/ie when 0, = 0. 
discussed in Sec. 24.1, if 7, is constant and v, held at zero, 2, becomes pre 
portional to alpha, with a proportionality factor which may be determin: 
by a substitution method. Constant 7 can be assured if 7, is supplies 
from a signal generator through a resistance R, large compared with th 
transistor input impedance. For measurement purposes 0. will be approx 
mately zero when the transistor load resistance Ry, is small compared will 
the transistor output impedance, since all that is required is that 7, be ind 
pendent of Ry. (The definitions of “small compared with” and “large cor 
pared with’ will of course depend on the required precision of measur 
ment.) The actual measurement of alpha versus frequency will then co 
sist of a plot drawn to the proper scale of the a-c voltage across Rz, ve 
the frequency of the generator. 





24.3.4 Tur ELEMENTS or A PrAcTICAL SysTEM AND PROCEDURH 
Usr. For speed and convenience, the measurement of alpha outlin 
above is accomplished using a swept-frequency source for a signal gen@ 
tor and an oscilloscope to plot the collector current versus frequency, 
24-35 shows the elements of the required circuit. A swept-frequency {if 
erator supplies the a-c emitter current through Re, and the a-c collee 
current passes through Fr. (Ry includes the shunt receiver input i 
pedance.) The horizontal sweep of the oscilloscope is synchronized 


GENERATOR 


SWEPT FREQUENCY 
SYNCHRONIZED WITH 
OSCILLOSCOPE 










OSCILLOSCOPIC 
PRESENTATION 


ror 
al Ti PagtRy 


Fic. 24-35 Simplified schematic diagram of circuit for the measurement of # 
versus frequency; d-¢ bias not shown, 


2 1st gee ta 
*'The method discussed here is essentially identical with that deseribed by 
and Kircher, loe, ett, 
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the change in frequency of the generator. In principle, if the receiver were 
linear, alpha versus frequency could be read directly from the oscilloscope. 
The proportionality factor mentioned above can be conveniently deter- 
mined by removing the transistor and substituting a dummy in which 
emitter and collector terminals are connected together, so that all the cur- 
rent from R, passes through Ry. The receiver thus is used to measure 7, 
first and then to compare 7, with it when the transistor is replaced. As far 
as this circuit is concerned, the dummy transistor appears to have a = 1.0 
at all frequencies. 

Because it is difficult to construct a linear receiver with the necessary 
bandwidth, a slight modification of the above procedure has been adopted. 
By the substitution method, the curve 7, versus frequency is noted and 
permanently marked on the oscilloscope. At any given frequency, this 
original value of 2, will be designated 7,,;, using the subscript 1 to signify 
that this value of 7, is the emitter and collector current fora = 1. Then 
with the transistor replaced, the generator output 7, is reduced in measured 
steps until the 7, trace appears superimposed on the 7,,; trace at low fre- 
quencies. The reciprocal of the fraction to which 7, has been reduced is 
alpha for d-c. Next, 7. is increased 3 db and the frequency noted for which 
the i, trace crosses the 7, trace. This frequency is the required 3-db-down 
point. 

Note that 7. can be a function of frequency; the requirement that 7, be 
constant merely means that it must not be a function of the particular 
transistor under measurement. Of course the measurement is much easier 
if 7, is not a function of frequency, for then the 7,,; trace is straight and 
can be associated with a coordinate grid line on the oscilloscope face. 


24.3.5 REQUIREMENTS FoR CrrcuIT CoMPONENTS ASSOCIATED DIRECTLY 
WITH THE TRANSISTOR. As mentioned previously, R, must be much larger 
than the magnitude of the transistor input impedance so that 7, can be con- 
sidered known and independent of the transistor under measurement. The 
input impedance is given by 

T2721 


Too + Ry 


Tinput = 711 — 


Since Ry, is much less than the output impedance, it will be negligible com- 
pared with Rgg in this expression; and since a = 121/722, Tinput = T11 — A 12. 
Thus the condition becomes R, > [711 — arig]. At low d-c emitter cur- 
rents, 71; approaches the zero-bias impedance of point-contact diodes 
which may be as large as 10* ohms or more. Also, even though rj, may 
be small, the base resistance 712 can be several hundred ohms and alpha is 
sometimes greater than 10 so that [711 — arjg] can be several thousand 
ohms negative; thus in either case 2, may have to be large compared with 
several thousand ohms. 

R, will be made as large as possible, keeping in mind that the voltage 
from the swept-frequency generator is limited and that a certain minimum 
i, is required for measurement purposes, (More will be said of the mini- 
mum ¢ later.) On the other hand, the stray capacitance associated with 
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resistors will lower the impedance of R, at high frequencies, so that there 
is no point in increasing R, beyond a certain value which depends on the — 
frequency and on the type of resistor chosen. In using the apparatus, it 
must always be remembered that particular transistors under normal con=— 
ditions and most transistors at low d-c emitter bias may violate the condi= 
tion Re > [r11 — ari] if R, is held within practical limits. If this condi- 
tion is not satisfied, the values of alpha will be in error. ‘ 

R, must be small compared with the transistor output impedance. It 
is easy to show that if Ry Kreg it will also be small compared with the 
transistor output impedance as long as R, satisfies the above condition, 
This restriction on Ry is easy to meet in practice. 

The d-c bias supply should have a current source (i.e., high resistance) 
for the d-c emitter current, and either current or voltage source for th 
collector bias current, voltage sources being most common. The high re 
sistance in the emitter circuit tends to make the emitter bias current stali 
and independent of collector voltage, a factor of convenience in operatidl 
of the equipment. 

The signal level chosen must be great enough to allow noise-free de 
tion of the collector current. In an optimum design, the receiver noise W 
depend on the bandwidth chosen. The bandwidth in turn will depen 
on the necessary rapidity of receiver response determined from the rate ¢ 
frequency sweep of the signal generator. Extended calculations of 
minimum signal level, while perfectly possible, are probably of less vali 
than empirical determinations. It will be seen later what minimum sign 
are useful in a practical example. 

The maximum useful z, will depend on the d-c emitter bias current 
small-signal conditions have been postulated. In particular, if alpha 
sus frequency is to be investigated as a function of d-c emitter bias, ¢, m) 
not only be small compared with the total emitter bias, but be small eno 
to give the required resolution in the data of alpha versus emitter bias, 


24.3.6 ReceIver ReQuIREMENTS. Whatever receiver is used, the gf 
should be large enough to amplify the noise output of the collector un 
is visible on the oscilloscope. Here again, the required gain is most € 
found empirically, and more will be said on this subject later. Two typ 
of receiver offer themselves for consideration, however. The first and sit 
plest uses video detection immediately following the transistor, with aut 
amplification between detector and oscilloscope; and the second uses wit 
band r-f amplification following the transistor, with linear detection }) 
tween amplifier and oscilloscope. The second type of receiver requi- 
much less gain, since enough wide-band amplification can be used to allo 
the detector to operate in the large-signal linear region instead of the in 
cient square-law region. 

The first type, although requiring more gain, has the advantage that 1) 
amplifier used is only required to reproduce faithfully the fundamental 
quency of the generator sweep rate (not the generator output freq 
merely the recurrence frequency with which it is swept) plus enough 
monics to enable it to follow the output of the detector, Tor exampl 
the generator recurrence frequency is 60 cycles, the useful portion o 
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frequency-sweep cycle may be 0.005 sec. If it is desired to measure a 
change in detector output which takes place in 0.05 of this useful portion 
of the sweep, or 2.5 X 10~* sec, then the amplifier must pass a band from 
60 cycles roughly up to 4 ke, since the rise time of an amplifier is given 
roughly by the reciprocal of its bandwidth in cycles. No frequencies less 
than 60 cycles need be passed since the detector output will have no com- 


ponents of lower frequency, but the amplifier phase shift must be undis- 
torted at 60 cycles. 


24.3.7 Avupio MopuatIon or Swept-FREQUENCY GENERATOR. A con- 
venient modification of the system using the first type of receiver involves 
the amplitude modulation of the swept-frequency source at a frequency 
high compared with the sweep-recurrence rate but low compared with the 
minimum useful r-f output frequency of the generator. In modifying the 
system described in the last paragraph, this amplitude modulation fre- 
quency might be 10 ke. The detector output now is 10 ke with an envelope 
which varies at a 60-cycle rate. The audio amplifier requires the same 
band width as before to give the same time resolution, but the band can 
now be centered at 10 ke. This slowly varying 10-ke output can be fed 
directly to the oscilloscope. Fig. 24-36 shows an example of the resultant 
carrot-shaped oscillogram. ° 

The scheme of audio-amplitude modulation of the swept-frequency gen- 
erator has at least three advantages. First, the 10-ke amplifier is simpler 
than the type which must be flat down to 60 cycles; second, no special 





Ma, 24-86 Oscilloscope presentation of alpha versus frequeney, 
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precautions need be taken to eliminate the ever-present 60-cycle hum, 
third, since the noise output of the transistor has a 1/f frequency spectrum 
there will be less noise in the 4-ke band centered at 10 ke than in a 4K 
band extending upward from 60 cycles. Another possible advantage is thi 
fact that the base line of the oscillogram is always midway, between the to: 
and bottom of the pattern; thus it is easy to correct the oscilloscope fol 
zero-drift errors. However, a better solution to the last problem is pre 
sented in the next section. 

A minor but annoying difficulty in the design of receivers is the necessil) 
for shielding the receiver and the collector circuit from the r-f of the ger 
erator and from the audio output of the modulator. If precise measul 
ments are to be made the shielding must be carefully done. 


24.3.8 Swept-FREeQuENCY GENERATOR REQUIREMENTS. The minimuf 
frequency required of the swept-frequency generator is determined by th 
lowest frequency for which significant deviations of alpha from its d-c val 
may be expected. The maximum depends on the quality of the transisté 
being tested. In practice, the narrowest useful range runs from 0.5 to 4% 
megacycles. Since no single swept oscillator covers this range, heterod 
systems must be used. 

The heterodyne system has the advantage that the basic oscillators 
can operate in a frequency region where a small-percentage bandwid 
covers an adequate range. One such generator (the Markasweep, 
Electric, Pine Brook, N. J.) uses permeability tuned oscillators at about 
megacycles. Another generator has been built using mechanically tun 
butterfly oscillators operating at a few hundred megacycles. 

The voltage output of the signal generator must be sufficient to pass 
required emitter signal 7, through the resistance in series with the gen@ 
tor, R.. Of course, the choices of Re, te, and oscillator voltage will not 
made independently of each other, since some compromise with ideal 
quirements is usually necessary. " 

The output impedance of the oscillator could in principle be quite hi 
with considerable saving in power. Ideally, the generator output I 
pedance should match R-. However, since a matched attenuator must 
included between the oscillator and the transistor, and since wide-bat 
impedance transformation is impractical, the oscillator output imped 
must correspond to that of available attenuators. This value is at 
75 ohms. 

By some means the horizontal sweep of the oscilloscope must be 
chronized with the frequency sweep of the generator. In one solution 
this problem, the generator supplies an output voltage roughly proportion 
to its frequency. In another, the frequency sweep rate is synchronized 
some external voltage, for example the 60-cycle line. 

Also, for careful measurement, it is well to have some type of mark 
appear on the oscilloscope at known frequencies. These can be defleet 
or intensity markers. Deflection markers can be obtained by coup 
tuned circuit (or circuits) to the generator output in the manner of 
sorption frequency meter, Intensity markers can be obtained from a 7 
ciroult triggered from the generator output through tuned circuits, 
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Markasweep accomplishes this last function with several piezoelectric crys- 
tals at appropriate frequencies in the swept range. 

The problem of zero drift in the oscilloscope is readily met in a number 
of ways; one solution was discussed above. Perhaps the best procedure is 
to arrange that the signal from the swept-frequency generator to the emitter 
be removed during a portion of the oscilloscope trace to provide a base line. 
In Fig. 24-36, for example, is seen such an oscillogram in which the genera- 
tor output is off during the oscilloscope return trace. The problem will be 
solved automatically if a heterodyne swept-frequency generator is used and 
if the receiver has rapid enough response for its output (and the associated 
oscilloscope deflection) to drop to zero during the zero-beat interval of the 
generator. 


24.3.9 SyncHRONOUS SwitcH. In some systems for the measurement of 
alpha versus frequency, a device has been incorporated which greatly 
facilitates routine work. This device is a synchronous switch to substitute 
automatically a dummy having a = 1 (see Sec. 24.3.4) for the transistor 
during every alternate frequency sweep. The persistence of vision is suffi- 
ciently long that the original z,,, trace is visible on the oscilloscope simul- 
taneously with the trace which represents 7, versus frequency. While the 
dummy is in the system the generator output must, of course, not be 
attenuated. The simplest arrangement for this switch involves the use of 
a duplicate transistor socket and associated wiring with R, and Ry, con- 
nected together. The duplicate circuit is fed directly from the swept-fre- 
quency generator, and the transistor test panel is fed through the variable 
attenuator. The synchronous switch can then be merely a single-pole two- 
position switch to connect the receiver first to the Rr on the duplicate cir- 
cuit and then to the Rz on the transistor panel. 


24.38.10 A Spectmen SystEM FoR MEASURING THE FREQUENCY CUTOFF. 
One of the specifications for a particular high-frequency point-contact tran- 
sistor requires that its alpha-cutoff frequency be above 10 megacycles. The 
Video model of the Markasweep, mentioned above, has an output which 
sweeps from 0 to 20 megacycles. Thus this instrument is an excellent nu- 
cleus around which to build a system for testing such transistors. . Fig. 
24-37 shows a schematic of such a system. Those elements associated di- 
rectly with the transistor will be discussed first. 

For the frequency range in question, the stray capacitance across R, is 
of small importance so that the choice of R, will depend primarily on the 
available generator voltage and the required 7,._ This required emitter sig- 
nal is, from experience, about 20 microamperes and the Markasweep output 
voltage is approximately 0.5 volt. If the minimum expected alpha for the 
transistor is about 2, then the emitter current required for the 7,., calibra- 
toe (Sec. 24.3.4) will be 40 microamperes. Thus R, may be as large as 104 
ohms. 

With some exceptions, 10‘ ohms is large compared with the input im- 
pedance of the transistor in this cireuit if 7, isin the normal range (greater 
than 0.8 ma); however, since the transistor is designed to be unstable for 
switching applications, some unite will have high alpha and high ry with 
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Fig. 24-37 Circuit for the measurement of alpha versus frequency. 


the result that their input impedances may be several thousand ohms n 
tive. Thus in using the apparatus some care must be used in interpre 
data which indicate unusually high alpha. ' 

If the transistor input impedance becomes negative and equal in 
tude to R., the circuit will oscillate at some frequency depending o 
size of the bypass capacitors in the system. However, some aa 
having unusually good frequency response may oscillate when t e 7 
impedance becomes negative, even though the series conan a 
with the input impedance is still positive. In those last units, alp re 
high enough cutoff frequency ve the stray ea from emit 

appear as a low impedance across Ite. ' 
ee ae. the minimum value of rz. encountered in praé 
is abbut 5 X 10? ohms. Thus Ry can be as large as 600 ohms wi 
iolati he condition Ry K ree. : 
Thue eration teeta combination is terminated by Ry, W 
i ly be 75 ohms. ; 
nN ree paths for the application of the d-c biases are Ry — 
since they are connected in shunt across the emitter and collector ¢ 
The series resistors shown in the d-c bias supplies are chosen large en 
to make the d-c values of J, and J, independently adjustable, 

Since one objective of the forming of these transistors may be to 
the frequency response above the 10-megacycle minimum, it is oF 
to be able to measure the cutoff frequency between successive 
pulses. A switch is shown in the collector cireuit for this purpose, 

The receiver used here is of the simple video type described in 
24.3.6, adapted for detection of ref signals amplitude-modulated at 





Chapter 24: Principtes or SMALL-SIGNAL PARAMETER MEASUREMENTS 543 


signals. The detector is a silicon microwave diode, providing an r-f shunt 
path in parallel with R;. The r-f choke shown in the drawing guarantees 
that the crystal will operate at zero d-c bias where its signal-to-noise ratio 
is maximum. A 10-kc transformer is provided to match the detector to 
the audio amplifier. When a Dumont 304H oscilloscope is used, the exter- 
nal amplifier must provide about 50 db of gain. In this apparatus, the 
overall bandwidth of the audio system is about 5 ke. 

The 10-ke modulation in this system is obtained by grid-modulating an 
r-f amplifier tube in the Markasweep. The unwanted 10-ke component of 
the generator output is removed in a simple two-section high-pass filter. 

The Markasweep includes an attenuator which can be calibrated for use 
in this system so that an external attenuator is not needed. A synchronized 
horizontal sweep for the oscilloscope and frequency markers is also avail- 
able. Fig. 24-36 shows the oscilloscope pattern obtained with the appara- 
tus. The vertical lines in the pattern are the frequency markers. 


24.3.11 Conciustons. It is believed that exploratory design of transis- 
tor circuits for high frequencies may be safely based on knowledge derived 
from the measurement of the cutoff frequency of alpha. This belief stems 
from the observation that in the case of point-contact transistors alpha has 
by far the greatest variation with frequency of all the equivalent circuit 
parameters; and that except for an expansion or contraction of the fre- 
quency scale, the behavior of alpha with frequency is to a considerable 
extent the same in different transistors. However, before circuits for fre- 
quencies above 10 megacycles can be routinely designed to predetermined 
specifications, more detailed information will be needed concerning the be- 
havior of the transistor at high frequencies. 

The method described here for the measurement of the frequency cutoff 
of alpha has been found to be rapid and convenient. It is sufficiently pre- 
cise for practical purposes when the transistor parameters and operating 
biases do not fall outside certain limits. In the particular apparatus de- 
scribed here, satisfactory results are obtained with transistors whose input 
resistance (with collector grounded) is less in magnitude than 1000 ohms 
and whose collector resistance is greater than 5000 ohms. The emitter bias 
is usually limited to values above 0.3 ma. 

The accuracy and range of applicability of this method for measurement 
of alpha versus frequency can be improved by more nearly optimum design 
of the apparatus. The limits described here are not by any means to be 
considered ultimate. : 


24.4 TRANSISTOR NOISE * 


Electrical noise produced in transistors can be a limiting factor in the 
design of high-gain apparatus. In this respect the noise of a quiet junction 
transistor is several orders of magnitude (40 db) less at audio frequencies 
than that of the average point-contact transistor, Low-frequency noise in 
both types of transistor resembles thermal (resistance) noise, but differs 


from it in the respect that the noise power varies inversely with the fro- 


* Soon, 24.4, 24,5, and 24.0 are by I J, Kiroher, 
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quency. The excess or “1/f” noise is associated with point-contact recti- 
fiers, carbon-granule microphones, and composition-type resistances. It is 
also typical of the noise produced by metallic contacts in electric circuits 
and of the “flicker” noise generated in oxide cathodes of electron tubes. 
Although this type of noise can be much greater than thermal noise at low 
frequencies, at high frequencies it becomes less than thermal noise becau 
of the inverse frequency law. 

In junction transistors, improved materials and techniques and the elimi: 
nation of point contacts have greatly reduced the magnitude of 1/f no 
in the frequency range above 10 ke. The noise figure of junction transi 
tors is comparable with that observed in electron tubes. It is interesti 
to note that the mechanisms for noise generation in junction transisto 
are described in the same terms as those acting in tubes, viz., “the 
noise,” “shot noise,” “partition noise” and “inverse-frequency noise.” 
considerable importance is the non-microphonic property of the junctil 
transistor. This property removes the troublesome susceptibility to sh 
and vibration inherent in electron tubes. The occurrence of “errati¢ 
“popping,” or “batting” noises in either the point-contact or the juncti 
transistor is an indication of an abnormal unit. It is often correlated wi 
a mechanical flaw in the fabrication. Excessively high noise in a juncti 
transistor makes the unit questionable. Such units are frequently sho 
lived. 


24.4.1 Norse Taeory Concepts ror JUNCTION TRANSISTORS. An OW 
line of the major sources of noise is nomographically represented on 
common-base circuit of Fig. 24-38. These are (1) thermal resistance n 


ip=2aTeati-a) Af 
PARTITION NOISE 


sana Ar ci =2qIsAf 
| JUNCTION COLLECTOR JUNCT! 
SHOT NOISE ‘SHOT NOISE. ih 
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NOISE IN BASE 


Fia. 24-38 Thermal resistance, shot, and partition noise generators in jun 
transistors, neglecting capacitance effects, Surface leakage hy 
sized as a source of excess noise, 
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(2) shot noise, (3) partition noise, and (4) excess noise. Each of these 
sources of noise will be briefly reviewed. A complete and comprehensive 
explanation of noise in transistors has not been formulated at the present 
time, but the following concepts are useful. 


(1) THERMAL NOISE 


This noise is produced by the random motion of electrons in a conductor 
(or semiconductor) which has the property of electrical resistance. 


The noise power delivered by any resistance to a matched load for an in- 
crement of bandwidth is kT Af where 


k = Boltzmann’s constant, 
T = absolute temperature, 
Af = increment of bandwidth. 


The thermal noise mean-square-voltage generator considered to be in 
series with a resistance is 


e@ = 4kTRAS (24-19) 


or the thermal mean-square-noise generator current placed in parallel with 
the resistance is 





— 4kTAf : 
C= R (24-20) 
From these expressions, 
é 2 
—=Rk (24-21) 
q2 


The mean-square-thermal-noise voltage is independent of frequency if the 


resistance is constant. It is directly proportional to the absolute tempera- 
ture, the resistance, and the bandwidth. 


The intrinsic base resistance, 7’y, generates a thermal noise, 


es? = 4kTr' Af (24-22) 
Some noise is also generated in the bulk resistances associated with the 
emitter and collector but these can usually be neglected. 


(2) SHOT NOISE 


In a p-n junction, the random movement of charge carriers across the 
junction produces shot noise, This noise parallels the random emission of 
electrons from an electron-tube cathode which causes shot noise in the 
tube, Corresponding to the temperature-limited electron-tube case, the 
semiconductor mean-square shot noise for the emitter junction is 


in? = Qql,af (24-23) 
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From the emitter diode resistance-current relationship, 





kT 

o qx 

— #7 
eich? = Af 

Te 


or 
an? = ZkTr Af 


At very small emitter current, comparable to the reverse saturation ¢ 
rent I,, the effect of the saturation current must be included: 


— 1 1 
she = 2kT [- + =| re df 
rs Te 


where 
kT 


fee (242 
ql. 

At the collector junction the shot-noise contribution is due only to 
since the noise of the al, current has been taken into account in consi 
ing the emitter-current shot noise. The shot noise of the collector juneti 


itself is therefore 
cian? = QqI Af (24- 


(3) PARTITION NOISE 


By hypothesis, this type of noise is produced in transistors because 
the random division of charge carriers between the base and the collec 
This source parallels the electron-tube source due to the random divi 
of electrons between the anode and screen grid. The partition m 
square-noise current due to a division of current between two electrodes 
given by 

=z _ 2qlil2Af 


to See (24 
: I, +T1e 
For the junction transistor, 
I; = al, 
I, = (1 - a) 
=I, +1, 


from which 
ip? = Qqa(l — a)1,Af 
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(4) EXCESS NOISE 


In general this kind of noise can be represented by a mean-square-noise- 
current generator in parallel with the device given by 


-z__ Kaf 
tS 
where f = frequency, and K and m are constants which are determined 
experimentally. The value of m is generally a little greater than 1 in semi- 
conductor devices. The value of K depends on the geometry of the device, 


the material, and the current through the device. It is possible that the 
surface-leakage current across the junction is a source of the excess noise. 


wo 


(24-35) 


24.4.2 SPECIFICATION OF Noise PERFORMANCE. The specification of 
noise performance depends on the conditions under which the noise is to 
be evaluated. For the general case in which the noise merit of apparatus 
using an active device such as the transistor is to be evaluated, the concept 
of the noise figure is most useful.* The noise figure is dependent not only 
on the properties of the active device, but also on the properties of the cir- 
cuits associated with the device. A more general description of the noise 
properties of a device may be obtained by the method of introducing two 
equivalent noise generators into the equivalent circuit of the device. The 
outputs of these equivalent noise generators are related to the outputs of 
the several noise sources discussed in the last subsection. With this repre- 
sentation, the noise figure of an amplifier may be calculated, as indicated 
in a later section. A method for measuring the noise figure directly will 
also be given. 

The noise figure of an amplifier may be obtained as the ratio of the noise 
power supplied by the actual amplifier to the output load, to the noise 
power which would be supplied to the load by a noise-free amplifier of the 
same gain, due to the thermal noise generated by the input source and 
amplified by the gain of the amplifier. The noise figure of apparatus using 
the transistor depends on the transistor properties and on the d-c bias con- 
ditions used, and also on the impedance of the input circuit to the tran- 
sistor. It does not depend on the transistor load resistance. The noise 
figure applies for a specified frequency band for the effective transmission 
of noise. The noise figure is therefore a concept useful in evaluating the 
noise merit of units of completed apparatus, or even the merit of an entire 
system. 

As previously explained, four elements in any independent four-terminal 
network suffice for a small-signal description of the network. By inserting 
two noise generators in any convenient independent locations in the tran- 
sistor characterizing network, the noise properties of the device may be de- 
scribed without terminal effects entering the analysis, The arrangement 





"TL 'T, Friis, “Rocolver Noise Figures,’ Proc, Inat, Radio Hngra, Vol, 82 (1044) p, 
4109; alao 8, Roberta, Theory af Notwe Meanurementa on Cr aa Frequency Converters, 
Radiation Laboratory Report No, Olel1, January 80, 1048, 
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of noise generators most appropriate for the transistor places one of the 
noise generators in series with the emitter lead, and the other in series with 
the collector lead. These noise sources are constant-voltage generators, 
the properties of which are dependent on the d-c biases applied to the 
transistor, but are independent of the connected circuits. The transist 
schematic diagram and the equivalent circuits resulting from insertion 
the noise generators are shown in Fig. 24-39. The noise generators meth 
is particularly useful as a tool in studying the noise properties of the devi 


alone. 
(Ne) 


(a) © 2 





Fia. 24-39 Insertion of two noise generators in the equivalent circuit of the 
sistor: (a) noise generators in series with the emitter and the co 
terminals; (b) noise generators in the input and output meshes of 
transistor equivalent circuit; (c) noise generators in the equi 
T-network of the transistor. 


24.4.3 CHARACTERISTICS OF TRANSISTOR Norse. When noise vol 
v; and v, from two sources are combined in a common external circuit, 
resultant voltage v depends on the degree of statistical correlation exit 
between the noise sources as expressed by the following equation: 


v? = vy? + v9? + 2Cr v2 ( 


The factor C is the correlation coefficient. It is appreciated that if 
noise voltage is three or more times greater than the other, the eff 
correlation may become negligible. In point-contact transistors, ex 
has shown that neglecting correlation effects introduces little error 
determination of the noise figure because the collector noise is usual 
siderably greater than emitter noise in its effect on the output noise, 
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Noise power generated in point-contact transistors per cycle varies in- 
versely with the frequency throughout the audio range, and this law holds 
approximately for frequencies up to a megacycle or more. This applies to 
both emitter and collector noise over a wide range of d-c bias conditions 
and includes the condition where one of the two pairs of terminals is open- 
circuited, removing the bias from the corresponding transistor element. In 
the better units of junction transistors, the inverse frequency law for over- 
all noise is effective only in the range below 10 ke. 

In the 1/f range the typical emitter or collector inverse frequency noise- 
power spectrum can be expressed more precisely by the equation, 


d 
aw =K” 


i” 
the value of n being generally in the neighborhood of 1.10. Fora specified 


frequency band, with lower and upper cutoff frequencies of f; and fo, and 
assuming for simplicity that n = 1.0, the noise power is given by 


Wi_2 => K In 


1 


(24-37) 


(24-38) 


This equation shows that the noise power in a given band depends only on 
the ratio of the upper to the lower cutoff frequency. The form of the tran- 
sistor noise spectrum is one of the most consistent features of the device. 
ixceptions that have been noted were due to the occurrence of the “flash” 
type of noise, referred to previously. 
Noise in transistors does depend to a degree on the d-c operating bias 
for the emitter and collector. The dominant noise, produced at the collec- 
tor in point-contact units, increases as the collector voltage is increased 
while keeping the emitter current constant. The relationship between 
noise and the d-c biases used shows an appreciable variation from one unit 
to another. An average value of the noise figure for point-contact units 
at 1000 cycles for average bias conditions is 45-50 db. Noise in junction- 
type transistors also increases with an increase in the bias voltages and 
currents. At low frequencies, however, there is as much as 30 to 40 db 
difference in the noise figures for the junction and point-contact units in 
favor of the junction transistor. In order to optimize the noise figure, the 
operating point for a transistor is usually selected by making the most 
satisfactory compromise possible by keeping the emitter and collector cur- 
rents and voltages as low as practical, and at the same time realizing a good 
signal gain, with acceptably low signal distortion. 

The noise figure of the transistor is influenced by the resistance Ry across 
the input terminals. There exists an optimum value of this resistance for 
the best signal-to-noise performance and therefore for an optimum noise 
figure, As is the case for electron tubes, the optimum input terminal re- 
sistance does not in general provide a matched condition for the transistor, 
For a noise figure near an optimum value, the value of Ry approximates 
the value of ry, which usually How in the range of 260 to 1000 ohma, 
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24.4.4 Noise Figure Formuta Usine Two Norse Generators. AS & 
basis for establishing the nature of the measurements to be made in deter-_ 
mining the noise figure for a transistor (when using the two noise genera= 
tors method) the general noise figure formula for the transistor operated in 
the grounded-base circuit is expressed as follows: 


2 
1 & es (* + =") oa] 
4R,kT 21 


In this expression, vn-” and vn” are the squares of the open-circuit noise 
voltages per cycle of bandwidth of the emitter and collector equivalen 
noise generators respectively. A narrow transmission band is assumed 
R, is the resistance across the input terminals, and 7; and rg; are the 
equivalent-circuit parameters at the d-c operating point. In applicatio 
the above expression can be simplified by neglecting the unity term, ant 
for most point-contact transistors the emitter noise voltage term can a 
be neglected. The symbol @ is chiefly academic; it indicates that th 
effects of correlation should be recognized when the two noise terms hay: 
approximately the same magnitude. The factor kT is the product of Bol 
mann’s constant and the absolute temperature. Similar expressions ha 
been obtained for the grounded-emitter and the grounded-collector circuit 
Steps in the analysis leading to the above formula will be found in § 
24.4.7, together with a summary of the noise figure formulas for the vario 
transistor connections. 

From this expression for the transistor noise figure it is evident that tI 
measuring equipment required in this determination must be suitable fi 
measuring (1) the equivalent circuit parameters of the transistor at tl 
operating point, and (2) the noise-generator voltages Une and Une. Meastt 
ment of these voltages is discussed in Sec. 24.4.6. 


24.4.5 Measurement or Noise Ficure. A general method for dire 
measurement of the noise figure described in this section will first be ow 
lined in its essentials, and then considered in greater detail. 

Consider the transistor in an amplifying circuit terminated in a resistam 
R, on its input, and a resistance Rz at its output. The value of Ry is 
important. There is a specified transmission band for the amplifier. 
noise voltage developed under these conditions is measured at the outp 
terminals. 

The method of measuring the noise figure consists in introducing nol 
from a calibrated noise source in series with the resistance R,, and adj 
ing the amount of this noise so that the noise at the output terminala 
made twice that previously noted. The value of the introduced nol 
known from the calibration reading is at this point equal to the inhe 
noise delivered by the transistor, which includes that from the input (OP 
minating resistance R,. The noise figure is the ratio of the noise pe 
thus determined to the thermal noise power of the resistance Ry. 

An arrangement of apparatus used in this laboratory * for noise f 


*R, L. Wallace, Jr., of the Bell Telephone Laboratories, developed this prinely 
application to the junction transistor, 


NF=1+ 





(24-39) 
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VARIABLE 
ATTENUATOR 





Fig. 24-40 Functional diagram of the a i 
i pparatus used for measuring th i 
figure of the junction-type transistor. Rm ne as 


measurement will now be considered in greater detail. s 
tional schematic shown in Fig. 24-40. The upper ie seins 
shows the components making up the calibrated noise generator. Noise 
produced by the resistance R4 (a value of 3.16 megohms has been used) is 
passed through a cathode follower, a low-noise amplifier, and a terminated 
variable attenuator. With zero attenuation in the attenuator, the output 
tap is made at that value of resistance for which the output voltage is the 
same as a voltage inserted in series with the resistance R4. For the par- 
ticular conditions of the equipment used, the output tap on the 600-ohm 
termination was at 7 ohms. In this way the open-circuit thermal-noise 
voltage generated by R4 appears as a reference voltage at the output ter- 
peng : the noise branch as substantially a zero-impedance generator. 
: =a a: ae dere subsequently used reduces the reference voltage 
_ The lower half of the diagram indicates a variable resistance, R,, in the 
Input circuit to a transistor operated as a grounded-emitter amplifier A 
low-noise amplifier and a noise-measuring instrument follow the transistor 
With enough attenuation in the noise branch attenuator so that it su . 
plies no noise when connected to the transistor amplifier, the noise pane 
indicated arises solely from the transistor and its input circuit resistance 
R,. The noise branch attenuator may then be adjusted to exactly double 
the noise output power. For this condition the noise power from the noise 
generator branch has been made equal to the noise power from the tran- 
sistor, both powers being referred to the input terminals of the transistor 
By definition, the ratio of this value of introduced noise power to the ther- 


mal noise power of Ry is the noise figure which may b i 
following expression: . Retr hae by ‘te 


R 
NF = (10 logio ) ~ K; (24-40) 
a 
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where K, is the noise branch attenuator value in db for which the transis- 
tor output noise was doubled. 


24.4.6 MrasuREMENT oF NoIsE-GENERATOR VOLTAGE AND CALCULA* 
TION OF NoIsE Ficure. In this method, which will be described in detail 
later, measurement is made of the equivalent noise-generator voltages 
which it has been shown previously may be used to characterize the noise 
behavior of the transistor. For either the emitter or collector noise genera« 
tor the measurement required is the open-circuit noise voltage from either 
terminal to the base with the other terminal closed to base through a 
sistance high compared to the internal resistance of the device at that te 
minal. Generally the collector noise generator dominates the emitter no 
generator in point-contact transistors. ' 

Because of the extremely high collector resistance generally exhibited 
the junction-type transistor, measurement of collector noise becomes 
satisfactory from the measuring equipment standpoint. For point-con 
transistors, however, this method has found extensive use because of 
much lower collector resistance. The functional diagram of apparatus 
in this method for studying transistor noise properties is given in } 
24-41, 

In this diagram the point-contact transistor is connected to a low-ftt 
quency equivalent-circuit element measuring apparatus which has b 
described in an earlier section. In this position the d-c bias voltages f 
the emitter and collector may be individually adjusted, and the transist¢ 
parameters 71; and rg; measured at any specified operating condition, 
means of a cathode-follower stage, the open-circuit noise voltage appea 
at either the emitter or collector terminal may be introduced into a 600-oli) 
noise-measuring apparatus. The elements of this apparatus are a varial 
attenuator, a low-noise amplifier with an output monitor, a bandpass fill 
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Fia. 24-41 Functional diagram of the apparatus used in measuring the 1 ol 
point-contact transistors, 
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NOISE FIGURE (0B) 
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Fig. 24-42 Collector and emitter noise-figure variation with collector bias voltage 
for point-contact units. 


and a device for reading power level. The transmission gain of the noise 
measuring equipment is determined by using a calibrating signal of known 
voltage introduced at the grid of the cathode follower and measured by the 
power level meter. The signal frequency used should be approximately 
that of the center of the bandpass filter. After calibrating the noise-meas- 
uring equipment in the above manner, the grid of the cathode follower may 
be connected to either terminal of the transistor, and a quantitative meas- 
urement made of the open-circuit noise voltages developed at the emitter 
and collector terminals. The noise voltages squared and divided by the 
bandwidth in cycles give the values of v,-? and vp,” found in equation 
(24-39). The noise figure is calculated knowing these voltages, the 
equivalent circuit parameters, 7}; and 721, and the input terminating re- 
sistance R,. It is possible to consider the two terms in this equation sepa- 
rately, designating them respectively as the emitter and the collector noise 
figure. This has been done for a group of point-contact units, and the 
average of the noise figures has been plotted as a function of the collector 
bias voltage at a constant emitter current as shown in Fig. 24-42. The 
dominance of collector noise is thus clearly brought out, as is its dependence 
on the value of the collector voltage. A spread of 10 db in the value of 
noise figure for a group of units is not uncommon. 

Noise in junction transistors has been steadily improved as the material 
and fabricating techniques have improved. Excess noise in the better units 
appears for the most part in the frequency range below 10 ke. Typical 
median values and ranges for small samples of transistors of the fused alloy 
type, and the double-doped drawn type, are shown in Figs. 24-43, 24-44, 
and 24-45, * 

The noise figures observed for a given junction transistor in the three 
connections—common base, common emitter, and common collector— 
agree in general within 3 db of each other, Vig, 24-46 shows a correlation 








* Unpublished work by 1, Nielsen, Bell Tolephone Laboratories, 
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Fig. 24-45 Noise figure as a function of frequency for p-n-p fused alloy junction 
: ; Fy transistors (GE 2N43, 14 units); common-base connection. 

Fia. 24-43 Noise figure as a function of frequency for n-p-n fused alloy june 

transistor (Sylvania 2N94A, 7 units); common-base connection, 
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Fig. 24-44 Noise figure as a function of frequency for n=p-n double-doped ’ 


junction transistors (WE 1858, 18 units); common-base conn 0 5 10 1S 20 25 
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Fra. 24-46 Relationship between common-omitter and common-base connection 
noise figures for penep alloyed junction transistors, 
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between the noise figure for common base and common emitter connections. 
for six p-n-p fused alloy units.* The 45° line represents a 1:1 relationship. 
Varying the frequency from 360 to 500,000 cps did not disturb this’ 
equality. 

The dependence of the noise figure of junction transistors on the operat= 
ing voltage and current is qualitatively shown in Figs. 24-47 and 24-48. It 
is noted that in this type of transistor the noise figure is not dependent 
on the collector voltage below about 10 volts; and it is little affected by a 
change in collector current for a value below 0.5 ma. These observations 
were made using the transistor in the grounded-emitter circuit with an im: 
pedance match at the input terminals which optimizes the noise figure. 

The principles described in this section for making noise measurement) 
have been presented in a number of technical articles and books to whieh 
the reader may refer for a comprehensive coverage of the subject. A p 
tial list of such articles is given at the end of this chapter. 


NOISE FIGURE IN DECIBELS 
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Fic, 24-47 Noise figure of junction transistors increases with increasing co 
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Fig. 24-48 Noise figure of junction transistors does not vary much with 
lector current. 


* Unpublished work by KE, Nielsen, Bell Telophone Laboratories, 
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24.4.7 Noise Figure Equations ror Various TRANSISTOR CIRCUITS. 
The noise figure equations were obtained for the generalized condition using 
two noise generators in the equivalent circuit of the transistor. All noise 
voltages are understood to be per cycle of bandwidth, and a narrow trans- 
mission band is assumed. The significance of the symbols is as follows: 


Vig the open-circuit noise-generator voltage of the emitter 

Une the open-circuit noise-generator voltage of the collector 

Ung the thermal-noise voltage from the input generator re- 
sistance 


; the apparent noise voltage developed in the output of the 
transistor due to vng which was impressed at the input 
and amplified by the transistor 

. the total noise voltage developed in the output of the 
transistor gain 

R, external signal-generator resistance producing only ther- 


mal noise 

T11 transistor input resistance with output open-circuited; 
= (re + rp) 

21 transistor transfer resistance with output open-circuited; 
= (ro + Tm) 

k Boltzmann’s constant 

T temperature in degrees Kelvin 


Norts: While the noise figure equations of this section are given in terms 
of the open-circuit impedance parameters, corresponding expressions can be 
obtained using the short-circuit parameters or the hybrid parameters. 


The equations are as follows: 


Ung? = 4h kT (24-41) 
sie ( rea one a (— ) caR,kr) (24-42) 
ri + Rk, r+ R, 
Uns? = On + (—™ Jus @ eae] (24-43) 
r+ Rk, 


The symbol © indicates that correlation, if significant, is to be observed 
in combining the terms in the bracket. 

By definition, the noise figure NF = v,,?/vn,2; therefore, for the 
grounded-base circuit, the noise figure is given by 


1 tu + R,\? 
NF =] | ast ® (H=") | 
+ eer | ial Fis 


For the grounded-emitter circuit the noise figure is given by 


NF = 1 + Gat (cs a) (Ft) 0,0] (24-45) 





(24-44) 
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For the grounded-collector circuit the noise figure for the forward dire 


tion is ‘ ‘ ; ‘ ; , 
NF =1+ |(A=2) nee ® (==) one] (24-46 





4R,kT Te Pe 


And for the grounded-collector circuit in the backward direction the no 
figure is : 
1 Rr + Te + 2 
NF=1+4+ Unew B {| ——— } dnc 
4R,kT Tm — Te 


24.5 DISTORTION IN TRANSISTORS 





(24-4 


The static characteristics of a transistor are useful as a means for de 
mining some of the essential performance capabilities of the device. It 
appreciated that operation of the transistor in regions where the charac 
istics are non-uniform results in distortion. The selection of a value 
the load resistance and of the quiescent operating point fixes the load 
which is the locus of operation across the static characteristics of the 
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Fra, 24-49 Collector current-collector voltage characteristics for a poin 
transistor, showing the region for large-signal class A opera 
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Fig. 24-50 Collector current-collector voltage characteristics for a junction 
(n-p-n) transistor. 


vice. The load line crosses an operating region of the transistor within 
which comparatively low distortion performance may be attained. For 
small-signal conditions, distortion results from slight departures from 
linearity within a narrow region of the static characteristics. Large-signal 
distortion results because of invasion of certain regions of the characteris- 
tics where a marked nonlinearity occurs. 

The above observations are common to both the point-contact and the 
junction transistors. These two types of transistor differ chiefly in that 
the collector voltage-collector current characteristics of the junction units 
are to a marked degree superior with respect to the extent and degree of 
linearity and uniformity exhibited, compared with those of the point-con- 
tact device. Representative collector characteristics for the point-contact 
transistor are shown in Fig. 24-49, which should be compared with the 
corresponding characteristics for the junction-type units shown in Fig. 
24-50. It would be expected that superior operation with respect to mini- 
mizing output nonlinear distortion would be obtained from the junction- 
type unit. Since small-signal distortion effects may be attributed to small 
departures from linearity, in which respect the transistor differs very little 
from a vacuum tube, attention will be directed chiefly to large-signal dis- 
tortion associated with transistor operation. The distortion may arise 
from four distinct sources peculiar to the transistor, which are comparable 
in their effects to well known sources of distortion in vacuum tubes. 


24.5.1 LAnat SianAL Disrorrion ww ‘Transisrors, With large-signal 
operation of a transistor there are four regions in which distortion may be 
generated, ‘Two of these regions are identified with the emitter charactor- 
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Fig. 24-51 Typical static characteristics for a point-contact transistor, 


istics, and two with the collector characteristics. The characteristlt 
the point-contact transistor will be examined with respect to these 
regions which are found in the families of characteristics shown in 
24-51. 

(1) When the emitter is driven negative, a region is reached where 
collector current fails to respond to changes in the emitter potential, " 
condition corresponds to that which occurs in a vacuum tube when 
grid is driven into the negative region. It is an important source 6 
tortion in a transistor. 

(2) By driving the emitter sufficiently positive, an overload condi 
develops resulting in distortion because the emitter impedance ¢ 
with the emitter voltage. For a vacuum tube the corresponding cond 
occurs when the grid is driven slightly positive. This distortion is 
not serious in the range of operation considered in this section, 

(3) Serious distortion can occur when the collector potential becom 
small that the collector current does not closely follow the impressed 
current variations. This condition is similar to that produced in a 
tube when the instantaneous voltage swings to zero, causing signal ¢ 

(4) A fourth region for distortion generation is reached at high ¢ 
potentials where a nonlinear current-voltage response results bee 
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heating effects in the body of the semiconductor. The comparable effect 
in vacuum tubes is the overloading caused by insufficient cathode emission. 
This is not ordinarily a serious source of distortion for the type of operation 
applicable to this section. 

In addition to the above restrictions observed in defining the region for 
large-signal operation of the transistor with substantially linear class A 
properties, the signal frequency is assumed to be in a region for which the 
transistor equivalent circuit parameters remain substantially resistive. In 
this frequency region no appreciable loss in gain should occur relative to 
that measured at very low frequencies. 


24.5.2 Types or Distortion MEASUREMENTS. The amount of distor- 
tion that may be tolerated varies greatly, depending on specific applica- 
tions. It is customary to give the maximum percentage of distortion per- 
mitted at a particular power output for the transistor, as is done in the 
case of the vacuum tube. The percentage distortion may be expressed in 
terms of the ratio of total harmonic distortion to the fundamental com- 
ponent: 

De (ig? + t9? +-++ in?) 
a 


x 100 (24-48) 
where 7, is the amplitude of the fundamental, and 12, 73, «++, %n are the am- 
plitudes of the harmonics of the signal current in the load. Voltages may 
be used instead of currents in the above equation. Standard distortion- 
measuring equipment is readily available for making such measurements 
either by lumping all the distortion components together and comparing 
the result with the fundamental, or by measuring the distortion harmonic 
components individually, and comparing each with the fundamental com- 
ponent. 

A still more exacting distortion-measuring technique uses an input signal 
of two equal sinusoidal non-harmonically related tones, and provides means 
for selecting and measuring distortion products of the first, second, third, 
and higher orders, and relating each to the magnitude of one of the funda- 
mental tones. 


24.5.3 MEASUREMENT OF LuMPED Distortion. The use of the lumped 
harmonic distortion method will be illustrated by its application to a point- 
contact transistor to show the way in which distortion generation depends 
on the operating point, the input signal amplitude, and the impedance of 
the input signal generator.* The value of load resistance, as indicated 
above, will determine the region within which acceptable distortion may 
be realized. 

A functional diagram of the component parts of the distortion-measuring 
equipment is shown in Fig. 24-52. This scheme will be recognized as quite 
conventional, the transistor amplifier being substituted for a vacuum-tube 
amplifier. A harmonic-free fundamental frequency is obtained from the 
audio oscillator by means of a suitable bandpass filter, The variable 





“Tho distortion data were supplied by L, O, Sehott (Bell Telephone Laboratories) 
in a private communication, 
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Fig. 24-52 Diagram of apparatus for making low-frequency distortion meas 


ments. 


attenuator provides means for amplitude control of the signal applied 
the input of the transistor. The apparent signal-generator resistance mM 
be adjusted with a series resistance in the emitter lead. Operating bis 
are obtained with potentiometers as shown. 
The output signal waveshape may be viewed with an oscilloscope, @ 
a gross type of distortion being readily observed. By means of availa! 
distortion-measuring apparatus, the total harmonic content in the ouly 
signal can be segregated and its lumped value measured. The fund 
component may also be independently measured, and the ratio of t¢ 
harmonic to fundamental may be read directly, or calculated. The t% 
of the total harmonic voltage to the fundamental voltage may be exprom 
as a percentage. For example, 2 per cent distortion is equivalent 
total harmonic distortion 34 db below the fundamental signal power, — 
Conditions setting the gain at which the transistor amplifier is op@l 
also affect the distortion from the amplifier. The effect of changing 
driving circuit resistance, R,, on the over-all gain of the transistor UW 
and the corresponding effect on the distortion generated may be 
the related Figs. 24-53 and 24-54. Note that at a fixed output signal p 
both the gain and the distortion increase as the signal-generator re 
decreases. This is a property characteristic of the point-contact trar 
and may terminate in instability of the transistor for low values of [y, 
the transistor tends to be a short-circuit unstable device, Distortion 1 
ing from instability is usually of a gross nature and is readily ident 
Gain may be increased without increasing the distortion at the @ 
lowering the signal output power. For example, in a particular pa 
tact transistor, to maintain distortion at 2 per cent, the gain could 
creased from 11 db to 80 db with a lowering of the output power f 
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Fig. 24-53 Gain-power output relationship with input generator resistance R, as 
the parameter; point-contact transistor in the grounded-base circuit. 
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Fia, 24-54 Distortion-power output relationship with input generator resistance 
R, a8 the parameter: point-contact transistor in the grounded-base 
circuit, 
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Fig. 24-55 Distortion characteristics of a typical junction transistor for a 
of input signal levels. 


mw to 3.2 mw, thereby changing the efficiency of the collector from 38 | 
cent to 1.6 per cent. 

The junction transistor is subject to the same kind of nonlinear s@ 
of distortion as the point-contact transistor. The preceding discussion 
therefore qualitatively applicable. As a specific example, the distorth 
characteristics for a typical junction transistor for a range of input sig 
levels are shown in Fig. 24-55. The ratios of second and third harmo’ 
the fundamental are given as a function of the input signal level 
to that input level at which the output distortion is just recognizabl 
an oscilloscopic pattern (viz. E},y/Ho = 1). Data for the commor 
and common-emitter connections are given for a high and a low 
driving source. 

Distortion can be reduced in a single common-emitter stage by th 
of local negative feedback resulting from an unbypassed emitter resi 
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Fia. 24-56 ee between gain and distortion due to local negative feed- 
back. 


In this case, distortion improvement is bought at the expense of gain as 
shown in Fig. 24-56. 


24.6 TRANSISTOR EFFICIENCY 


The discussion of this section will be limited to a consideration of large- 
signal class A amplifier operation of low-power junction transistors. The 
point-contact transistor can be treated in a similar way. Transistor collec- 
tor efficiency is defined as the ratio of the sinusoidal a-c power delivered 
to the load to the d-c power supplied to the collector. The a-c output 
power depends on the d-c operating conditions, the value of the load, the 
value of applied signal, and the gain of the transistor. 

As in the case of a vacuum tube, the most effective way to describe the 
large-signal performance of a transistor is by means of a graphical analysis 
using the output static characteristics. In this way the effect of boundary 
conditions can be readily visualized, and their significance directly evalu- 
ated. Features of the graphical method are shown in Fig. 24-57. The axes 
of this figure have been interchanged relative to those of the usual Too 
presentation, and the characteristics, shown very lightly, have been ideal- 
ized. In this method of display the transistor characteristics closely resem- 
ble those of a pentode vacuum tube. The boundaries for class A operation 
are set by 


(1) The load line of slope Ry, 
(2) The maximum permissible collector voltage, Vp», above which re 
verse voltage breakdown occurs, 
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Fig. 24-57 Operating boundary conditions superposed on the output static eb 
acteristics of a junction transistor. 


(3) The collector saturation current for collector voltage “bottoming” 
given by the boundary line of slope Ra. 
(4) The maximum permissible average dissipation, as limited by 
hyperbola P. 

The load is taken as a pure resistance in this discussion, and the Ih 
representing it is assumed to be drawn tangent to the rated constant pow 
dissipation hyperbola, P. In this case the areas of all possible t 
formed by the current and voltage axes and Ry, (as a variable) are eq 
The tangent point bisects Az, and this tangent point is approxim 
midway between the limits of excursion along the load line, with Ry at 0 
end and the minimum collector current, J’,, at the other end. | 

The line of slope R, results from the presence of an internal ohmid | 
sistance between the collector terminal and the collector barrier 
This resistance is of the order of several hundred ohms in some tyy 
junction transistor, viz. the double-doped grown units. The voltage ¢ 
across 2, sets the lowest limit on the value of collector voltage for H} 
the unit will operate as a transistor. ‘ 

The minimum collector current at maximum voltage, /’,, depends 
the properties and the geometry of the transistor. It is composed of 
bulk saturation current for the collector and the surface leakage 
across the collector junction. 

For collector voltages greater than the specified maximum, the ¢o 
current rapidly increases. This increase is due to a breakdown phenot 
at the collector junction which sets an upper limit on the voltage wh 
be applied to the collector, ‘The voltage given by the intersection | 
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Fig. 24-58 Boundary conditions considered separately. 


Ons LEFT: limiting due to 
R, only. ricut: limiting due to I’, only. 


load line with the voltage axis must be below the rated maximum. Some 


margin of safety is always allowed to avoid approaching the breakdown 
region. 


24.6.1 Tue Errect or Operating Limirs on Erriciency. To evaluate 
the effect of the limit R, alone, refer to Fig. 24-58 and let 


Fg = 0 
T. = © 
Vin > Ey 
At the quiescent point, power dissipation is 
Pac = IaVaq 
VQ = Ve + (Eb — oVo) 
= (Vo + Lp) 
Tq = Mole) 


(24-49) 


(24-50) 
(2451) 
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By inspection 





Ra 
V.=E (=) (24-52) 
: ? Rr + Ra d 
Therefore 
Q= ze (Ges = =) (24-53) 
2 Ry + Ra 
By inspection, / k, 
ee Ry + Ra 
Therefore : k, ( : 
ee Wp & Bee 
and 


Pac 


EY Ry + 2Ra 
~ 4 L(R,p + R,)? 


The rms a-c power delivered to the load is 


Ey ‘ 
pal ele 
2/2 (Ri + Ra) 





Pa 
Percentage efficiency = G ‘) 100 
de 


1 1 
= —~/——— \ 100 
"Vie = 
Rr 
The efficiency is plotted as a function of the ratio Ra/Rr for L'co = 
the upper curve of Fig. 24-59. For values of Ra smaller than O1Rz, 
efficiency is unaffected and it is very close to the theoretical limit of 
per cent. For values of R, greater than 0.10Rz, the efficiency is seri 
impaired. 


Now consider the effect of the limit J’,, alone. Refer again to I 
24-58 and let 


Ra =0 
To = 0 
Vm > Ey 
Pac = IeVea 
By inspection, : R, 
Ig = 5 (ie ats z) 


d 
Wt Ve = La(hy hy T'oolty,) 
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Therefore R. (Ey? 3 
Pac = . Ri me ES (24-62) 
1 

Pac = —— (Ey — I' oR)? 24-63 
3 R, b L) ( ) 

and ‘ ‘ 
Percentage efficiency = 5 7 100 (24-64) 

es 





Fm) 
I’ o Ry 


The efficiency as a function of J’,, for Ey and Ry constant is shown by the 
lower curve in Fig. 24-59. Note that for the particular assumed values of 
R, and E, the effect of I’.. on the efficiency is noticeable for current above 
100 microamperes, and that for currents above several hundred microam- 
peres a marked reduction in efficiency takes place. For maximum power 
output at high efficiency and low signal distortion the I’., current should 
be low, Ra should be negligible, and an optimum load resistance should be 
selected which is not critical. Fig. 24-60 shows a plot of efficiency vs. load 
resistance for two typical values of I’... The broad maxima indicate con- 
siderable latitude in the choice of Ry. The collector voltage should be as 
high as practical to insure good efficiency. 

From the similarity between the static characteristics for transistors and 
those for vacuum tubes, it can be appreciated that trarisistors can be op- 


CURRENT, I¢9 IN MICROAMPERES 
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Ep=50v 
RL =10,000.0 
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"ia, 24-59 Collector efficiency as a function of (jis) L' eo constant and of 
R 
(L'e) Ri, constant, 
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Fig. 24-60 Collector efficiency as a function of load resistance Rz, with I’co a8 
parameter. 


erated in class AB, class B, or class C amplifiers with a correspaaaa 
crease in efficiency. The requirements for such operations can be de . 
mined from the static characteristics. To obtain the benefits of push-pul 
operation, well-matched transistors should be used. 


4.6.2 MmASUREMENT oF TRANSISTOR Erricrency. The measuremel 
of is collector efficiency of the transistor amplifier follows the conventions 
methods employed with vacuum-tube amplifiers. The elements neces 
for the simplest type of measurement are indicated in Fig. 24-52, pa | 
referred to in Sec. 24.5. These consist of a direct current and a d-c vo 
meter in the collector circuit, and an a-c voltmeter across the load. 
difference between the d-c input power and the a-c output power is 
power dissipated in the collector element, which must not exceed ne ma 
mum rated value. The d-c input power to the collector is the product 
the direct current to the collector by the d-c potential measured betw@i 
the collector and the base terminals. Fora sinusoidal signal, the ——_ 
in the resistive load is determined by the ratio of the square of a 
voltage across the load, to the ohmic value of the load, E /R. 5 the ¢ 
rent through the load is measured, the power in the load is also determin 
as the RI? value. Other standard means for power measurement may 
used. 
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SYMBOLS USED IN CHAPTER 24 
(See also Sec. 24.4.7, page 557) 


capacitance, correlation coefficient 
shunt capacitance 

distortion 

frequency 

increment of bandwidth 
small-signal value of current 

d-c value of current 

reverse saturation current 


NNDB 
FPA 


—, Boltzmann’s constant 
Ad 


constant 

light in lumens, inductance 

constant 

noise figure 

power dissipation 

charge of one electron 

quantum efficiency, ratio of reactance/resistance 
resistance or impedance within device terminals 
resistance of equivalent constant-voltage generator rt, 
resistance or impedance of external component 
signal rosistance 

transformer, absolute temperature 


= 


SBP IO sZshR & 
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Subscripts 11, 12, 21 and 22 are used to identify various parameters. 
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small-signal voltage value 
d-c voltage value 

signal voltage 

reactance 

admittance, susceptance 
impedance, input impedance 


current gain 

inherent current, multiplication factor 
transport factor 

emitter efficiency 

light flux in lumens 

correlation, if significant, to be observed 


SUBSCRIPTS 


parameter value 

base, parameter value 
breakdown 

collector 

emitter 

generator 

mean 

noise (emitter noise ne, collector noise nc) 
partition 

quiescent point 

shot noise 
transformer 
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Chapter 25 


PRINCIPLES OF PULSE AND 
LARGE-SIGNAL MEASUREMENTS 


Tuts chapter deals with the principles and methods of measurements of 
pulse and large-signal characteristics of semiconductor devices restri ted 
largely to considerations relative to point-contact transistors and the k 
down diodes. A suggested method of large-signal characterization is b d 
upon the assumption that the device characteristics may be divided tit 

three regions. The approximation is then made that within each of the 5 
regions the characteristics are linear, and the device parameters in ee 
ticular region may be adequately described by linear measurements. oe 





REGIONIT 
(CUTOFF) 





Fia. 25-1 Idealized transfer characteristic. 


The criteria for the division of the char istic i 
: acteristic into three regio 
been established in Chapter 23 from a consideration of the on een 
characteristic of the device as shown in Fig. 25-1, and are as follows: 


RHGION ORITORION CHATACTINUISTIC 
I 1,20 Vol 
ul 0< I, “ = (1,/a) Actin peiaton 
U1 > =(h/a) Voltage eutott 


7a 


+ 
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The relationships and conditions as discussed above are illustrated on 
Fig. 25-2, which shows the more familiar representation of the collector or 
output characteristics in accordance 


a 9 ~=—- With the equation 


Ve = fo(Te, I) (25-1) 





REGION IIL 
\f (COLLECTOR 
= eee 
UTO . . . 
- The specification of the large-signal 


{ behavior requires the determination of 
parameters which define the response 
within each region and are convenient 
to measure and use. Furthermore, in 
the neighborhood of the boundaries 
between regions, significant departures 
from the assumed linearity may occur. 
It may be necessary to take these de- 
viations into account by additional 
measurements. The en f 
response and the transient response are considered separate ye 

a "The following measurements have been made to define the large-signal 
behavior of point-contact devices: 


REGION II Ve 
(ACTIVE) 


REGION LT 
(COLLECTOR VOLTAGE 
SATURATION) 


Fig. 25-2 Transistor 
output characteristic. 


REGION I 
(a) Input resistance, denoted as 7’, 
(b) Output resistance, denoted as 7¢o 


REGION II a 
The small-signal resistive parameters, at a suitable operating point: 
(a) r11 = Te + 7d 
(b) riz = Tp 
(c) ror = Tm + To 
(d) roo = re + 7d 

REGION III 


The device figure-of-merit of collector-to-base voltage, at suitab’ 
chosen emitter and collector currents, for example, V.(3, —5.5). 


x Properties. The active properties of the transistor during, 
cee Rebwae the regions are also required for definition. This of 
essentially a measure of the rate of change of r,. The step function 
alpha versus emitter current is used to define the transfer proper 
tween the voltage saturation and active regions, The Se 
collector current, at suitably chosen values of emitter current and col a, 
voltage, for example J,(6, —5), together with the aforementioned a 
—5.5), has been used to define the transfer properties between the vo 


cutoff and active regions. , : 24 
The above considerations have been discussed in greater detail in C 


23, 
The static characteristics of the semiconductor device serve useful 
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poses in large-signal characterization; they may be employed for graphical 
solutions, although the positive feedback usually employed in switching 
circuitry requires the graphical solution of two or more simultaneous equa- 
tions. In addition, the static characteristics indicate the degree of depar- 
ture from the assumed averaged linear behavior. 

Frequency characterization consists of measurement of the effects of 
storage phenomena, believed to be a primary limitation in large-signal ap- 
plications of diodes and transistors, and an evaluation of the frequency 
cutoff of alpha. 

Frequency characterization is limited at the present time to measure- 
ments of the effects of storage phenomena, believed to be the primary 
limitations in large-signal applications of diodes and transistors having 
alphas greater than unity. 

The measurement principles and methods to follow are arranged for the 
most part in terms of the types of tests that are being considered, rather 
than by type of device or other classification. Sec. 25.1 treats the various 
d-c and low-frequency measurements that may be applied in each of the 
three regions to define limits on the slopes of the characteristics. Measure- 
ments made on the transfer property characteristics are discussed in Sec. 
25.2. Methods of measurement of the negative resistance characteristics 
of semiconductor devices, together with analytic expressions for slopes and 
critical turning points in the characteristics, are covered in Sec. 25.3. 
Various measurement techniques applicable for semiconductor devices when 
used as switches or as triggered elements, particularly as regards speed of 
operation, are covered in Sec. 25.4. Sec. 25.5 is devoted to various d-c 
measurements applicable to breakdown diodes and to methods of examina- 
tion of the complete diode characteristics, 


25.1 D-C AND LOW-FREQUENCY MEASUREMENTS * 


These measurement procedures are based upon the assumption that a 
complete static characterization of a unit intended for large-signal applica- 
tion is unnecessary; the establishment of conformity within limits to vari- 
ous requirements within each of the three regions is sufficient for this phase 
of large-signal characterization. 


25.1.1 MrasuREMENTS IN REGION I—Cotxecror Vourace Satura- 
TION: J, < 0. A representative arrangement for making the measurements 
required for large-signal characterization of the collector voltage saturation 
region is shown in Fig. 25-3. Additional features are the provision of meter 
reversal switches, current shunts, and voltmeter multipliers, which have 
been omitted for simplicity. The various features and circuital arrange- 
ments have been discussed previously in Chapter 24 and consist. of two 
constant-current sources for emitter and collector biasing, with monitoring 
current meters and electrode voltage indication, 


Input Resistance (r’,), The input resistance measurement for point-con+ 
tact transistors having an alpha groater than unity usually consists of a 


* Soom, 26,1, 26.2, and 26,8 wre by I Ly rent, 
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Fig. 25-3 Typical circuit arrangement for measurement of static characteristics. 


d-c measurement of emitter current for a specified value of negative emitter 
voltage, with zero collector current. Alternatively, the collector may be 
open-circuited during the measurement. The negative emitter voltage at 
which the test is made is chosen at some nominal figure insuring operation 
in the reverse-current region of the emitter diode. As shown in Fig. 25-3, 
with the transistor connected in the circuit, the emitter supply voltage 
—V-. applied to the series load resistor is raised until the emitter voltage 
—V, is at the specified test value. The emitter milliammeter indicates 
the static reverse current at this value of emitter-base voltage. Alterna= 
tively, the measurement may be made with a constant-voltage source and 
current meter. Limits may be placed upon the maximum and minimum 
values of emitter current attained, to control the input resistance 7’, within 
requirements. A typical measurement condition for a particular poin 
contact transistor type results in reverse emitter currents of the order 

30 microamperes, with a maximum limit of 200 microamperes, for an im- 
pressed reverse voltage of —10 volts. 


PRECAUTIONS AND LIMITATIONS. Care must be taken to 
count for voltmeter currents when measuring low-current devices. A t 
set might incorporate provision for switching the voltmeter out of the ci 
cuit during current measurements, if required. 


Output Resistance (reo). The collector voltage saturation measuremen 
for point-contact type transistors usually consists of a d-c measurement 
collector current for a specified value of collector voltage, with the emit 
open-circuited. Alternatively, the emitter current may be adjusted to 
equal to zero during the measurement. The collector voltage at which 
test is to be made is so chosen that for the usual range of collector current 
passed, the allowable device dissipation will not be exceeded, As shown 
Fig. 25-3, the collector supply voltage —V.. applied to the series load 
sistor is raised until the collector voltage —V, is at the test value, indi 
ing intersection between the series load line and the collector voltage sat ' 
tion curve of the transistor at this value. The collector milliammeter t 
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cates the current passing through the collector at this point. Alternatively 
the measurement may be made with a constant voltage source and current 
meter. Limits may be placed upon maximum and minimum values of col- 
lector current attained, to control the saturation curve within requirements 

An example of such a collector voltage saturation measurement for a 
typical pee transistor is illustrated in Fig. 25-4. The usual 
range of negative collector current, i 
eee oe under the particular measurement con- 
approximately 0.5 to 2.2 ma. 

A comparable collector voltage 
saturation measurement for junc- 
tion-type units may be applied for 
large-signal characterization. The 
junction configuration (namely, 
n-p-n or p-n-p) and the design 


Tc IN MILLIAMPERES 
-4 -3 -2 


4 
MEASURED Ico,/35 


COLLECTOR VOLTAGE 
SATURATION CURVE 
XN 


voltage range will determine the 
test conditions, as in the case of 
the point-contact transistor. Since 


INTERSECTION OF 

LOAD LINE WITH 

SATURATION CURVE 
N 


the collector impedance for junc- 
tion-type transistors is usually an 
order of magnitude or more higher 
than for point-contact transistors, 
it becomes impractical to supply 
the collector current from a high- 
impedance source. It is therefore 
vals to apply constant-voltage 
conditions for this type of unit i 
Mie oartelsren shee , and to measure the collector current with 

Typical values for such a test, as applied to an n-p-n junction transistor 
designed for low-voltage applications, consist of an applied collector voltage 
of the order of 5 volts, with resulting collector currents of less than 10 
microamperes. 


PRECAUTIONS AND LIMITATIONS. Care must be taken to ac- 
count for voltmeter currents when measuring low-current devices. A test 
set might incorporate a provision for switching the voltmeter out of the 
circuit during current measurements, if required. It is also necessary to 
choose test points ip within the allowable power dissipations of the de- 
vice, since in general for point-cont: i i issipati i 
pis cb yi aoe pa ae act devices high dissipations are experi- 


25.1.2 MBASUREMENTS IN Ruaion II—Activn: 0 < J, < —(I,/a). The 
normal small-signal set of resistive parameters are measured at ‘/ suitable 
operating point in the active region. Circuit connections and definitions 
of the resistive parameters follow the usage of Ryder and Kircher * and 
are covered in Chapters 23 and 24, Four independent measurements are 
required to specify the electrical performance, and the four-pole open-cir- 


*R. M, Rydor and R, J, Kirohor, “8 
Sytem Took 7, Voh te Nace Gui on Oiroult Aspoota of the Transistor," Bell 





Fig. 25-4 Measurement of col- 
lector voltage saturation. 
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cuit 7’s meet the requirements of being a convenient equivalent circuit 
representation. From a device viewpoint, it may sometimes be more useful 
to consider other equivalent networks which may be determined from 
knowledge of the four-pole open-circuit 7’s, aS fe, 7s, Te, Tm, and alpha. 
These factors have previously been discussed in Chapters 23 and 24. 


Four-Pole Open-Circutt r’s (711, T12, '21 aNd reg). Measurements facilities 
and procedures for carrying out the determination of the resistive param- 
eters in the active region have been covered in Sec. 24.1.2. 

A single determination of the resistive parameters in this region is pres- 
ently considered sufficient for large-signal characterization. 


PRECAUTIONS AND LIMITATIONS. Care in choosing the operat-_ 
ing point at which the resistive parameters are to be measured must be 
exercised to insure that allowable device dissipations are not exceeded, and 
that the point is reasonably removed from nonlinear regions where the pa- 
rameters may change rapidly and the values measured would therefore not 
be representative. 

Test equipment design considerations are principally directed towards 
keeping minimum shunting capacitances from electrode terminals to 
ground. In addition, since the a-c signal current paths are at high ime 
pedance levels, minimum capacitance coupling between signal injection 
paths and voltage indication circuits must be maintained. 

Improvements in accuracy of measurement of resistive parameters of 
high value (i.e., >50,000 ohms) may result from employment of an an 
resonant circuit at signal frequency as a termination, as discussed in Cha 
ters 23 and 24. This has the effect of making the driving point impedan 
(which is actually measured) more nearly approach the desired resisti 
parameter in value. This procedure may be followed providing adequa 
precautions are taken to prevent the shunt capacitor of the antiresonan 
circuit from short-circuiting the output at harmonic frequencies which 
result in instability and erroneous measurements. Typical precautiona 
means are the employment of high series resistors in addition to the reso 
circuit when making r measurements. A band-pass filter with a mid-b 
response centered about the measurement frequency may be employed 
remove undesired distortion and hum level effects. 


25.1.8 M@mASUREMENT IN Recion III—Couitector Voirace Curo 
I, > —(-/a). Large-signal characterization in this region is not complet 
at the present time. Device figures-of-merit have been devised which & 
directly related to the slopes of the characteristics, and give relative m 
of comparing switching efficiencies, i.e., how closely the devices approxima 
a short circuit. 


D-C Measurement of V.,j). These measurements may be made 
means of the same circuit arrangement as that used for the voltage sat 
tion measurement, as shown in Fig. 25-3. The collector voltage cutoff 
termination consists of a d-c measurement of the voltage between coll 
and base electrodes at specified emitter and collector currents, so eh 
that operation in the cutoff region is assured, ‘The emitter and coll 
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Fig. 25-5 Measurement of collector voltage cutoff. 


current relationships are such that operation in the cutoff regi i 
close to the break point of the curve (active region) is soaced eee 
average unit. For these conditions of emitter and collector currents pre- 
scribing an upper limit on the voltage developed between collector and 
base electrodes will set a lower limit on the value of alpha, as well as giving 
an indication of the slope of the ro2 characteristic in the voltage cutoff 
region. 

Typical operating conditions and measurement procedures, as applied to 
the point-contact transistor, are outlined in Fig. 25-5. The figure illus- 
trates measurements made at V.(3, —5.5) in the collector voltage cutoff 
region. Maximum value of collector voltage of —4 volts insures that the 
asymptotic slope of the rz2 characteristics in the collector voltage cutoff 
region will be less than approximately 720 ohms. 


Measurement of Resistive Parameters. More appropriate criteria for large- 
signal characterization in the voltage cutoff region may be afforded by 
small-signal measurements of the resistive parameters. Suitable conditions 
of emitter and collector currents to insure operation in this region during 
the measurements must be maintained. 

: Measurement facilities and procedures for carrying out the determina- 
tion of the resistive parameters in region III are similar to those covered 
in Sec. 24.1.2. However, depending upon the range of interest, the meas- 
urement equipment must be capable of accurate reading of resistive pa- 
rameters below 100 ohms, and the series current feed resistors must be 
modified. These resistors should be reduced in value and increased in 
wattage to permit passage of the higher currents to be experienced if ex- 
tended examination of the voltage cutoff characteristic is to be pursued. 


25.1.4 Cumunative Disrripution or Measurements. Cumulative 
distribution charts have been prepared, using measurements made on ap- 
proximately 600 point-contact transistors assembled during June and July 
of 1951, for the purpose of correlating the design and fabrication with 
actual experimental results, It should be emphasized that the following 
figures reflect the usual difficulties to be experienced in bringing a precision 
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assembly process under control, and that considerable improvement in 
assembly techniques and tooling, materials and process control, and general 
workmanship has been made since this information was compiled. A 
breakdown of results in terms of percentages of the 600 units is as follows. 


PER CENT CLASSIFICATION 
5 Mechanical failure: shorted electrode wires, inadequate point 
pressures resulting in open-circuited emitters or collectors, 

broken electrode wires. 

10 Forming difficulties: would not form, or became unformed upon 
aging. 

25 Improper forming: forming pulses applied in attempt to meet 
voltage cutoff requirements resulted in degradation of volt- 
age saturation requirements; ?co too low by a large factor. 

60 Characteristics plotted on distribution charts. 


On all of the cumulative distribution charts, therefore, the percentage 
figures relate to that proportion of the 600 units (60 per cent, or approxi- 
mately 360 units), which met or were fairly close to the acceptance require-_ 
ments for the switching transistor. 


Input Resistance r’,. Fig. 25-6 illustrates the distribution of the r’, or 
input resistance characteristic for the point-contact switching transistor, 
The abscissa is plotted in terms of the reverse emitter currents measu 
for constant emitter voltage of —10 volts. The corresponding resistance 
r’, is also plotted, calculated on a linear basis. The acceptance criterion 
for r’, is that I’, should be less than 0.2 ma, corresponding to a revers@ 
resistance of 50,000 ohms. The mean value of 7’, shown by the 50 per 
cent point, is 300,000 ohms. Two per cent of the units exhibited 1’, char- 
acteristics which were out of limits. 


Ye’ IN KILOHMS 
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Tia. 25-6 Cumulative distribution of input resistance characteristic r’, for 
contact awitching transistors, 
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Fig. 25-7 Cumulative distribution of out i isti 
L 2 put resistance characte 
point-contact switching transistors. pe eee 


_ Output Resistance reo. The cumulative distribution of the output re- 
sistance parameter variation is shown on Fig. 25-7. The measurements 
from which the data were compiled were carried out under conditions of 
I,=0, Ve = —40 volts, with the collector current being the actual meas- 
ured quantity. The lower acceptance limit on r,. is 20,000 ohms corre- 
sponding to a measured collector current maximum of 2.0 ma. The mean 
tes of ro, as shown by the 50 per cent point, is of the order of 33,000 

ms. 


Resistive Parameters r11, r12, T21, and ro9. Cumulative distribution on 
measurements made of the small-signal set of resistive parameters at the 
operating point J, = 1.0 ma, V, = —10 volts, are shown in Figs. 25-8 and 
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PER CENT 


KILOHMS 


Fig. 25-9 Cumulative distribution of the resistive parameters 72; and 122 for point= 

contact switching transistors. d 
25-9. The requirements and 50 per cent mean-value points are tabulated 
below. 


RESISTIVE 
PARAMETER REQUIREMENTS 50% POoINTs 
Tu <800 ohms 250 ohms 
12 <500 ohms 150 ohms 
Tor > 15,000 ohms 52,000 ohms 
To2 > 10,000 ohms 20,000 ohms 


All of the units measured met the requirements, as shown by the 
tribution charts. 


“CRU 


Distribution of V.(8, —5.5). 
figure-of-merit V, (3, —5.5) is used 
define the point-contact switch 
transistor in the collector voltage cu 
off region. An upper limit on 
voltage V, developed between collec 


a and base under the operating co 
&. tions of J, = 3 ma and/, = —5.5 
ae includes a lower limit on alpha and 
related to the slope of the output chat 
ms acteristic. An upper limit of —4 vol 


4A re been pine sense para 

and cumulative distribution info 
BRR ee tion is shown on Fig. 25-10. The 
vats ~—S~SsS Valle of — 1.1 volts may be dete 
Fia, 25-10 Cumulative distri- for the 50 per cent point. All of \ 
bution of V.(3,—5.5) for point- units met the requirement of ha 
contact switching transistors, V,(3, —5.5) less than—4 volts, 
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25.2 MEASUREMENT OF TRANSFER CHARACTERISTICS 


The large-signal transfer properties have been characterized by means 
of measurement of the small-signal alpha at suitable operating points. 
This is not necessarily the optimum characterization, and is somewhat re- 
dundant inasmuch as a small-signal measurement of 1m in the active region 
has already been prescribed. However, measurement of alpha is fairly con- 
venient and is reasonably appropriate for describing transfer property 
variations in and during transition between regions I and II, since 


Tm 
Ss (25-2) 
Te + Tp 


and it may be assumed that r, and r, remain fairly constant in these 
regions. 

As discussed in Sec. 23.4, it has been found useful to prescribe limitations 
upon the rate of change of 7, or a with emitter current near the zero axis, 
as well as the constancy of a in region II, to insure conformance to design 
requirements. The characterization is based in part upon the assumption 
that the step variation occurs'in the region at or near J, = 0. It is neces- 
sary to determine departures from this assumption and to set limitations 
upon the allowable variations to determine the degree of step function. A 
typical curve of alpha versus emitter current for point-contact transistors 
having alphas in the active region greater than unity is shown in Fig. 
25-11. 
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Fia, 25-11 Typical curve of alpha-versus-emitter-current characteristic. 


The large-signal transfer properties in and during transitions between 
regions II and III have been controlled by means of appropriate device 
figures of merit. These have been so chosen as to place-limits on the 
maximum shape of the voltage cutoff characteristic [V,(3, —5.5)] and on 
the minimum d-c¢ alpha of the device [/,(6, —5)], The methods of meas- 
urement of those d-o charactoriation have been deseribed in the preceding 
sections, ‘Typical limits placed upon the deo alpha criterion [/)(6, ~5)| for 
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the point-contact switching transistor are: —11.5 < I, < 17.5, which cor- 
respond to requiring d-c current gains between approximately 1.9 and 2.9. 


25.2.1 Pornt-sy-Pornr MEASUREMENT OF ALPHA CHARACTERISTIC. 
Reasonable conformance to an ideal step function for the curve of alpha 
versus emitter current may be determined by making three small-signal 
measurements at appropriate operating points. Two of these operating 
points will necessarily be chosen very close to the 7, = 0 ordinate, where 
the step transition ordinarily occurs. The remaining operating point may 
be chosen at some mid-range location in the active region. It should be 
noted that a small finite value of alpha in region I may reasonably be ob- 
tained, since in this region (although the transfer parameter r,, = 0), there 
will be a limiting minimum value due to the residual passive resistive pa- 
rameters. Thus in region I, equation (25-2) may be resolved to 


To 
lc + Tb 


For typical values of r, ~ 20,000 ohms and rz, ~ 400 ohms, az ~ 0.02, 
Somewhat higher values are normally experienced due to the existence of 
some hole current flow when I, < 0. Typical measurement points are illus- 
trated in Fig. 25-11. The circuital configurations and measurement tech- _ 
niques developed in Sec. 24.1.4 may be applied for these small-signal tests, 
The alpha measurements are made under quiescent conditions of constant 
d-c collector voltage chosen at some value such that for the various test 
point conditions of emitter current, the corresponding collector currents 
will not exceed allowable limitations on device dissipations. In the case 
of the point-contact switching transistor, the alpha measurements are madé@ 
with collector voltages of —20 volts. 


(25-3) 





ar 


25.2.2 Curve TRACER FoR ALPHA VERSUS EMITTER CuRRENT. A curve - 
tracer has the advantage of permitting the entire characteristic of alpha 
versus emitter current to be displayed, primarily for study purposes; hows 
ever, such a curve tracer also permits observation for irregularities, record= 
ing by photographic means for a permanent record, and quickly checking 
test requirements. 







HF 
CURRENT 
SOURCE 












LF 
CURRENT 
SOURCE 







Via, 25-12 Block diagram of a curve tracer for alpha versus emitter current, 
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Fig. 25-12 illustrates a block diagram for such a curve tracer. The tran- 
sistor is provided with a d-c collector bias of some nominal operating value, 
so chosen that allowable device dissipations will not be exceeded over the 
range of emitter and collector currents to be experienced. The dual emitter 
current sources consist of a 60-cycle large-signal source to sweep the emitter 
through the range of interest, and a 12-ke source of small amplitude super- 
imposed upon the 60-cycle signal. The alpha of the transistor will then be 
linearly related to the amplitude of the high-frequency components of col- 
lector current changes. The 60-cycle component is filtered out, and the 
12-ke signal is amplified and detected. After filtering, the rectified signal 
is applied to the vertical amplifier of a cathode-ray oscilloscope. A portion 
of the 60-cycle signal impressed upon the emitter is also used as a sweep 
signal on the horizontal amplifier of the oscilloscope. 

A more detailed schematic diagram is shown on Fig. 25-13. The require- 
ment for alpha measurements that the collector should be a-c short-cir- 
cuited is met by providing a low-impedance transformer winding in the 
collector circuit (Z ~ 30 ohms). The emitter a-c supplies are in series 
with a one-megohm resistor to give the emitter driving sources the proper- 
ties of constant current supplies. The instantaneous collector current con- 
sists of two components: one, the 60-cycle sweep voltage with all harmonics 
necessary to represent the wave shape of the time variations of the collec- 
tor current; and the other, the 12-ke signal which is amplitude-modulated 
by the variations in alpha. A high-pass filter with a cutoff frequency at 
about 4 ke is introduced to attenuate the undesired low-frequency compo- 
nents of the collector current variations. In addition, the individual stages 
of the following amplifier stages are provided with low-frequency attenua- 
tion. A gain-selector switch is provided at the input to the last stage to 
provide against overloading if high alpha transistors are to be measured. 
This attenuator is preferably calibrated in suitable steps for ease of meas- 
urement. 

The variations in alpha over the operating range as the emitter is swept 
at a rate of 60 cycles results in amplitude-modulation of the 12-ke signal. 
For the types of signals to be reproduced (step functions), large numbers 
of harmonics of the modulated 60-cycle signal are required for faithful re- 
production. The detector therefore must meet some fairly rigid require- 
ments, since it must pass signals up to several kilocycles and attenuate 
the 12-ke signal to a negligible amount. The filter circuit used in this de- 
sign is a low-pass constant k filter with a cutoff frequency of approximately 
6700 cycles. 


PRECAUTIONS AND LIMITATIONS. In the circuit as described, 
the major problem is the separation of the low-frequency and high-fre- 
quency components of the signal. This may be overcome by using a higher 
carrier frequency, perhaps in the i-f range of 125 to 175 ke. More complex 
filter circuits might alternatively be used, 

Phase shift introduced by the detector filter may be minimized by limit- 
ing the sweep currents to values just sufficient to display the desired step- 
function to be examined, 
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Fig. 25-14 Cumulative distri- Fig. 25-15 Cumulative dis- 

bution of alpha parameter a3 tribution of alpha parameters 

for point-contact switching tran- a2 and a for point-contact 
sistors. switching transistors. 


25.2.3 CUMULATIVE DISTRIBUTION OF ALPHA PARAMETERS. Cumulative 
distribution charts on the alpha parameters have been prepared on the 
same basis as covered in Sec. 25.1.4. All of the alpha measurements have 


been made with constant collector voltage V, = —30 volts. 
a3: Ie <0. Fig. 25-14 illustrates the distribution of the a3 parameter. 
The measurements are made with negative emitter current, J, = —0.1 ma, 


insuring operation in the collector voltage saturation region where the de- 
vice is essentially passive. Alpha is required to be less than 0.3. The dis- 
tribution shows the mean value of alpha for this measurement to be ap- 
proximately 0.1, from the 50 per cent point of the curve. All of the units 
met the upper limit requirement of being less than 0.3. 

ag and a1:0<I, < —(I./a). The distribution of the ag and a, pa- 
rameters for the point-contact switching transistor are shown on Fig. 25-15. 
The ag measurements are made with slightly positive emitter current, 
I, = +0.05 ma, insuring operation close to J, = 0 in the active region. 
This parameter, together with a3, is used to define the degree of step func- 
tion, when a lower limit on alpha, of ag > 2.0, is imposed. The distribu- 
tion shows that the mean value of a2 is approximately 3.8 from the 50 per 
cent point, and that all the units meet the lower limit requirement. 

The a; measurements are made with emitter current 7, = +1.0 ma, in- 
suring operation in the mid-range of the active region. This measurement 
is redundant inasmuch as the resistive parameters have been evaluated in 
the active region, The distribution shows the mean value to be 2.4, from 
the 50 per cent point of the curve. 
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25.3 NEGATIVE RESISTANCE CHARACTERISTICS AND 
MEASUREMENT TECHNIQUES 


The normal open-circuit-stable and short-circuit-stable characteristics of 
the transistor are well known and have been described.* These character- 
istics and the measurement techniques to be described are applicable pri- 
marily for circuitry investigation and for describing figures-of-merit for 
transistors in relation to their applicability to a given circuit. In these 
measurements, the focal point of interest is on the slopes of the character- 
istics in the three regions, and upon detailed information on the peak and 
valley of the characteristics, the so-called turning points. 


25.3.1 Open-Crrcurr-STaBLE CHARACTERISTICS. The emitter and col-_ 
lector characteristics for point-contact type transistors are of the open- 
circuit-stable type and have the form illustrated in Fig. 25-16 and Fig. 
25-17 respectively. The device characteristics may be suitably sectionalized 
such that in each region the curve may be considered to be approximately 
linear. These approximations are shown on the preceding figures, and again 
correspond to the collector voltage saturation, active, and collector voltage 
cutoff regions for the transistor. The general input impedance relationship 


A 


- abet, 










Vee 


Fig. 25-16 Typical characteristic 
of emitter negative resistance. 


Fig. 25-17 Typical characteriatia 
of collector negative resistance, 





“A. Ei. Anderson, ‘Transistors in Switching Circuits,” Proc, Inet, Radio Bngra, 
40 (1952) p, 1541, 
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for any linear active four-pole, where the r’s are the usual open-circuit loop 
impedances, may be applied for analysis within any region: 


T2721 





Tian Ti 


(25-4) 
T22 
In the following analysis, resistances or impedances designated by lower- 
case letters refer to device parameters, and external circuit elements are 
shown in capitals. The primes associated with device parameters follow 
the convention as established in Chapter 23, referring to the value of the 
specific device parameter within a given region. 


Emitter Characteristic: V', versus I,. By application of equation (25-4), 
the following relationships for determining the slopes of the characteris- 
tics in each of the three regions may be derived: 


REGION I (COLLECTOR VOLTAGE SATURATION) 


Ra(r’22 + Rr) 


Rin = 1, + ————___& 
roo + Ry + Rp 


ry (25-5) 
REGION Il (ACTIVE) 


— Ra(r'’'nn + Ry — r''21) _ Tala — 1'’29) 


Rin 25-6 
roo + Ri + Rp r's9 + Rp i 
for Rr Kr'o9 
REGION III (COLLECTOR VOLTAGE CUTOFF) 
5 Re(Rr + r’’'99) Rgk. 
Rin = + to (25-7) 
Re + Rp + 7/99 Rg + Rr 


for 1/50 K Ry 


Collector Characteristic: V’, versus i,. In a similar fashion, the following 
relationships for the collector characteristic may be derived: 


REGION I (COLLECTOR VOLTAGE SATURATION) 


Ra(r’i, + Ry — 1’91) 





Rin = 129 + =eoe+tR e 
n 22 Sy ik Be 22 + Re (25-8) 
REGION II (ACTIVE) 
Rp(Ry — 121) Repr’'s1 
R; = ae ee 6.5 SE y! ey aeaeea 25- 
n 29 Rn + Ry 29 Rn + Rr (25-9) 
RUGION UI (COLLNCTOR VOLTAGH CUTORN) 
Ryh Ryh 
Rig gg ti ee i (25-10) 


Rn +R, Ry + Ry 
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Fia. 25-18 Typical schematic diagram for measurement of open-circuit-stab 
negative resistance characteristic. 


Methods of Measurement. <A circuital method of displaying negative 
sistance characteristics of the open-circuit-stable type is shown in Fig 
25-18. It is most useful for slope measurements, and may be used to dis 
play either emitter or collector characteristics. The diode is incorporate( 
to prevent excessive excursions into the negative emitter current regior 
and the consequent high voltages which would be developed from emitte 
to base. The auxiliary biasing voltage V may be used at will to choos 
the swept portion of the characteristic desired for detailed information 0) 
behavior close to the turning points in the characteristic. The 60-cycle 
line voltage, whose amplitude is controlled by a variac, is impressed up¢ 
a step-up transformer and thence to a diode clipper, which suppresses oF 
half of the sine wave. Hither positive or negative half-cycles may be im 
pressed upon the transistor circuit, depending upon whether emitter ¢ 
collector characteristics are to be examined. Bias to the diode may | 
supplied by the source V to control the point in the sine wave cycle wher 
clipping will occur. The resistor R, gives the signal the characteristics ¢ 
a constant-current source, which is then applied to the transistor. Cu 
indication is derived across the resistor Ry. The voltage divider across {| 
output terminals is provided for isolation of the vertical amplifier of | 
cathode-ray oscilloscope. 


PRECAUTIONS AND LIMITATIONS. Care must be taken to pr 
vide low capacitance to ground from the output terminal of the sweep ¢ 
cuit. This may conveniently be accomplished by splitting the series f 
resistor &, into several small resistors. Excessive capacitance may 
in undesirable oscillations over a portion of the characteristic. The re 
R», from which the current indication is made, should be as small as 
sible consistent with obtaining sufficient deflection, 


Turning Points. The emitter negative resistance characteristic 
on Fig. 25-16 designates the turning point at the peak of the charact 
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as A and the turning point at the valley of characteristics as B. These 
peak and valley points are of interest to the designer of trigger-type cir- 
cuits, and their control is of direct concern to the device engineer. 


Peak Turning Point. Taking the emitter characteristic shown on Fig. 
25-16 as an example, the following equation has been derived based upon 
the “broken-line’” analysis. The assumptions have also been made that 
ry < Rez, and that the peak turning point occurs at I e = 0: 


Rp Vec 
Re + Rr + Teo 


Valley Turning Point. Again taking the emitter characteristic as an 
example, the following equations have been derived defining this point: 


V'eo = (25-11) 


Vee 
et i 
Ra Wp eS) ae 
Vec 
VW or = 





R 
er, 
1— a \Rp 
These equations define the turning point corresponding to the intersection 
of the current saturation region and the active region, and show that this 


point is reasonably fixed for a given type of point-contact transistor, since 
the range of variation of alpha in this region is usually small. 


Re 





= = Vec 
Fig, 25-19 Typical schematic diagram for turning-point measurements. 
Measurement Techniques. The circuital arrangement shown in Fig. 25-19 
may be employed for examination of the negative resistance characteristic 
close to the turning points. An illustrative example of the mechanism of 
operation is shown in Fig, 25-20. A typical negative resistance character- 
istie with turning points is shown, with the point A being the peak and B 
the valley turning points, respectively, The bias voltage Ve. applied to 
the emitter load resistance 2, causes intersection between load ‘line Ry and | 
the characteristic at point C, and the d-o monitoring meters will register 
the current and voltage /; and V, corresponding to the abscissa and 
ordinate of the intersection, This measurement must be correlated with 
the ciroult requirements, and Coat limite may be placed upon the coordinates 
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Fig. 25-20 Turning-point measurements, point-by-point method. 


of points A and B. Thus the actual measurements may consist simply of 
reading the currents and voltages of points A and B without the necessity 
of plotting the entire characteristic. 


PRECAUTIONS AND LIMITATIONS. Care must be taken to mini 
mize stray capacitance from the device terminals to ground, and to insure 
that a high-impedance vacuum-tub 
voltmeter be used for voltage meas= 
urements to prevent erroneous cur- 
rent readings. In addition, sinet 
the circuit elements Rg and Ry, anc 
the collector bias voltage V. as well 
as the transistor characteristics de 
termine the turning points [see equ 
tions (25-11) and (25-12)], the infor 
mation obtained is limited as to it 
general applicability. It is obviow 
that the limiting resistance R; musi 
be at least an order of magnitud 
greater than the negative resistant 
for accuracy of measurement an 
stability. 


25.3.2 SHort-Crrcevit-STa Bh 
Cuaracteristics. The base char 
acteristic for point-contact-tyy 
transistors is of the short-cireul 
stable type having the form she 
on Fig, 25-21. Again this characte 
Fig. 25-21 Typical characteristic of base istic may be sectionalized into 

negative resistance, regions such that within each 





= Ve 
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the curve may be considered approximately linear. The approximations 
are shown on the figure and correspond to collector voltage saturation, 
active, and collector voltage cutoff regions for the transistor. The follow- 
ing relationships may be derived by application of equation (25-4): 


REGION I (COLLECTOR VOLTAGE SATURATION) 
(rar — 41 — Ri) (r'11 — r'12 + Ry) | 
(r’22 — a1 — 12 +9’ + Rr + Ry) 
(25-13) 


which may be simplified from a consideration of typical device parameters 
in this region: 


Ry = rut Ri +R, + 


ji ri 
Rin = 019 1- PRP ae (25-14) 
T11— Yee 
REGION II (ACTIVE) 
rl’ rl! 
Rin = 7", + Ri + R, - - = — (25-15) 
r'22 — Tai 
REGION III (COLLECTOR VOLTAGE CUTOFF) 
(R -- vl GE oar, yl! + R 
Rem hg ee ye EE SD fon) 


reg — 9 + ry + Re + Ry 


Methods of Measurement. A circuital method of displaying negative re- 
sistance characteristics of the short-circuit-stable type is shown in Fig. 
25-22. It is most useful for slope measurements, and may be used for 
either grounded-base or grounded-collector examinations. The character- 
istic is swept at a 60-cycle rate; the amplitude of the portion of the char- 
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Mia, 25-22 Typleal achomatio diagram for measurement of shorteciroultextable 
nogative rediatance characteristic, 
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acteristic to be examined is controlled by the amount of 60-cycle current 
introduced in the base circuit. 


PRECAUTIONS. The driving transformer secondary impedance should 
be kept as low as possible to realize short-circuit requirements of the device. 
In addition, the series resistor from which current indication is monitored 
should be kept as low as possible, consistent with oscilloscope sensitivity 
for display purposes. 


25.4 MEASUREMENT OF TRANSIENT BEHAVIOR * 


One application for transistors which appears to hold great promise is 
that of high-speed computer-type switching. Switching rates of one Me 
per sec and up appear feasible. In order to achieve speeds of this magni- 
tude it is necessary to ensure proper transient behavior of the device, since 
switching action is essentially composed of successive transients as opposed 
to slowly varying sinusoidal signals. 

As already pointed out elsewhere, it is highly desirable to make any meas- 
urements of characteristics of a device upon that device alone, since if the 
laws of operation are fully known, behavior in any circuit environment can 
then be calculated from the characteristics and the laws. At the present, 
state of transistor development, however, this ideal does not always prove 
possible of realization in a practical way. This is true both because the 
laws of operation are not fully known, and because calculation of behavior 
even from known approximations is too cumbersome to carry out com- 
pletely in each individual case, which would be necessary since too many 
transistor parameters vary. Both of these unfavorable factors become in« 


creasingly important at high frequencies. As a result, short-transient 


measurements are made in circuits approximating those in applications, 
Such a procedure is unsatisfactory from a device point of view, but it is 
the only one practicable at present. It is to be hoped that continued im- 
provement in uniformity will alleviate the situation. Fortunately, the cit= 
cuits are simple, and response in them reflects behavior which is essentially 
determined by the short-circuited terminal properties of the device. 

In a typical switching circuit, use is made of the negative resistance 
characteristic of the emitter, which is “N” type (often called the “shorte 
circuit-unstable” type). An emitter load of resistance and bias suitable to 
give two stable points in conjunction with the “N”’ type negative resistance 
is used. At one of these stable points, in the case of the transistor, the 
collector current is small, and this stable point is called “voltage-saturas 
tion” (or “‘current-cutoff”’) ; while the collector current is large at the other, 
which is called “voltage-cutoft”’ (or “current-saturation’’). These points, 
then, can be thought of as orr and on switch positions, respectively, When 
a trigger voltage is applied in such a way as to cause the device to swi 
its state from one position to the other, it is of interest to know the tranaf 
action time. This time is called the “rise” time when the transistor switehe 
from OFF to ON since the collector voltage rises (positiveward) during 
transfer, and “fall” time for the opposite direction of transfer, 


* Soo, 25.4 in by B, G, Farley, 
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After the trigger, in a typical application, the device must carry itself 
actively from one stable point to the other. To do this the correct condi- 
tions for instability must obtain. The trigger test to be described is de- 
signed to investigate these conditions for a particular type of circuit and 
to measure the rise time. 


+V -V 


NON-OSCILLATING 






V PLATES 


OSCILLATING 
COLLECTOR WAVE FORMS 


Fic. 25-23 Triggering measurement, 


25.4.1 Trigger AND Risr Time MrAsurEMENT. As mentioned above, 
one measurement needed is a check of the action of the switch in 
turning on. A method of accomplishing this result is shown in Fig. 25- 
23. A transistor in a circuit which is basic to a present switching ap- 
plication is shown. The sine-wave signal generator pulls the emitter 
negative by means of the diode and cuts the emitter current off on the 
negative half-cycle. As the signal passes the triggering voltage on its way 
positive, the diode opens, and current from +V switches into the emitter 
through the emitter resistance and triggers the unit. An oscilloscope with 
suitable gain and bandwidth for the speeds under study is used to observe 
the action, which continues until the sine wave again cuts off the unit. 

Parameters of the circuit are chosen according to the particular applica- 
tion in mind. For example, the emitter voltage and resistance may give 
the desired minimum trigger current for the case under test. Collector 
load and base resistor will usually be small, of the order of a few hundred 
ohms, for high-speed applications. The base resistance may be omitted, 
in fact, for a given application. A capacitor is shown from emitter to 
ground to indicate both that it may be added, and that stray capacitance 
will certainly exist, in any case. Collector capacitance can be neglected if 
the collector load is small enough. 

The test is intended to make sure that the switch operates fully, and 
that it does so fast enough and gives enough output signal. In this cir- 
cuit, no means have been provided to lock the switch in the on position 
(that is, to provide an on stable point), so that a satisfactory unit will 
oscillate during the entire positive half-cycle of the sine wave with time 
constants depending on both transistor and cireuit, If it does not oxcillate, 
the device will not carry itself actively to an ON stable point, The two 
output Wave shapes in Mg, 25-28 show representative waveforms of a non« 
oncillating, unsatinfactory awiteh and an oncillating, watiafactory wwiteh,— 
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In the non-oscillating case, after a few damped cycles the wave comes to 
rest, usually because not enough triggering current has been provided. In 
the other case, several oscillations take place, showing that the switch is 
capable of actively seeking an oN condition. Usually it is desirable to 
measure the rise time and total output voltage, and to fix a maximum 
time and minimum output voltage requirement on such a switch. Rise 
times are generally measured as the time required to go from 10 per cent 
of full voltage to 90 per cent, as is quite standard in such measurements. 


25.4.2 RETURN oR FaLL Time Measurement. It has been known for 
some time that both germanium diodes and transistors exhibit delays in 
changing state in high-speed operation. These delays constitute a serious 
problem in high-speed switching networks involving diodes and transistors, 
so that it is necessary to devise means of measuring such effects. 

A brief simplified explanation of these delays in diodes according to the 
best present theory is as follows. The conductivity of a semiconductor — 
diode is a linear function of the total number of carriers present, other pa- 
rameters being constant. When a diode is suddenly turned on, few mi- 
nority carriers are initially present; their number increases rapidly, but not 
infinitely fast. Therefore, the observed instantaneous conductivity in- 
creases from its initial value to a higher equilibrium value determined by 
the final current. If the diode current is now suddenly reversed, some time 
is required for the minority carriers to be extracted from the semiconductor 
so that the conductivity remains high momentarily and then decreases to 
its final value. The effect of these delays in establishing minority carrier 
equilibrium is to delay the desired changes in resistance of the diode. 

For the transistor, an analogous effect occurs when the device is in its ON 
or current-saturated state. In this low-resistance condition, numerous mix 
nority carriers are present, and the voltages are low. When a turn-off pulag 
is applied, a delay ensues while the minority carriers are swept out. 

Two methods of measuring these effects on diodes will be described, fi 
lowed by a transistor test. 

The first method involves first applying essentially constant current 
the diode in one direction and then, after suddenly reversing the directi 
observing the delay in arriving at the steady state. During this cye 
whose period is long compared to the effects produced, the voltage wa 
form across the diode is observed on an oscilloscope. A typical setup with 
waveforms is indicated in Fig. 25-24. 
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Tia, 25-24 “Constant current” diode measurement, 
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The generator produces a square wave whose period is long compared to 
the delay times involved, which vary considerably, but are of the order of 
microseconds. It is convenient to supply a good deal more forward voltage 
than reverse to get a balanced waveform for the voltage being measured. 
Reversal should, of course, take place rapidly compared to delay times. A 
typical waveform of voltage is shown with forward direction upward. The 
long plateaus show normal equilibrium operation. Such waveforms actu- 
ally differ widely from unit to unit, especially of different types. 

At the first change of current, from reverse to forward, it will be noted 
that the forward voltage is initially much greater than normal, showing 
that it is only after some delay that normal low resistance is attained. 
Likewise, after the current change from forward to reverse, low voltage 
persists for some time, and then decays (negativeward) to normal, showing 
that there is delay before normal high resistance is recovered. Measure- 
ments of height, time, and rise and fall time of the major features of the 


waveform are usually taken. 


OUTPUT WAVE FORM 
FOR SINE WAVE INPUT 






DIODE UNDER 
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Fig. 25-25 “Constant voltage’ diode measurement. 


Another method of measurement is to use constant voltage input and 
observe the current. The essentials of this test are shown in Fig. 25-25. 
A low-resistance source input is applied to a series combination of diode 
and small resistor, and the voltage across the resistor is observed. During 
the forward cycle, the diode passes heavy current; and upon voltage re- 
versal it is found that reverse current flows for a short length of time. 
This is shown as the small “pip” on the right hand edge of the waveform. 
The delay in turn-on is not visible in this test. The duration and voltage 
of the pip are measured. Often, more than one decay constant is observed 
in a single unit. Such a test may also be carried out with a square-wave 
input, of course. 

It should be mentioned that with diodes used for high speeds, the times 
to be measured are very short (0.1 microsecond or less), and the voltages 
small (1 volt or less), so that some difficulties may be encountered from 
the severe requirements placed on the linearity and transient response of 
the viewing amplifier, 

A measurement of turn-off delay in transistors and also “fall” time of 
the switching action may be made by the method illustrated in Vig, 25-26, 
In this case, a positive pulse generator whose pulse is considerably longer 
than the delay times (up to 10 microseconds), but much shorter than its 
own recurrence time, is employed, Initially, the transistor in biased well 
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a COLLECTOR WAVE FORM 
= DURING PULSE 


Fia. 25-26 Storage delay time measurement. 


into its ON or current-saturated condition by grounding the emitter and — 


opening the base. A suitable voltage and load on the collector determine 
the amount of saturation. Resistance internal to the generator should be 
small, so that no pulse distortion is introduced, and time constants due to 
the series capacitor should be large enough to pass the pulse without dis- 
tortion, but small enough so that the circuit returns to normal between 
pulses. The voltage of the pulse should be ample to turn off the unit. 


Because the transistor is voltage-cutoff, the collector is only slightly less 


negative than ground between pulses. Upon introduction of the positive 


pulse, if no delay occurred, the collector voltage would change rapidly to 


its voltage-saturation value, that is, nearly —V. This is indicated by the 
right-angled dashed line on the waveform diagram. Owing to the delay 
effect, however, the resistance between base and collector remains low for 
some time; and as a result, the collector voltage goes positive with the base 
pulse, and remains there for a time, after which it descends to the volta 
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saturation value. When the pulse ends, the voltage returns to its voltage- 
cutoff value, as shown in the waveform diagram. 

Turn-off time is usually defined as the time taken for the collector voltage 
to pass the initial, voltage-cutoff, value of voltage. Fall time can be meas- 
ured in the usual way as the time from 90 per cent of full voltage change 
to 10 per cent. The total voltage change is the output voltage. 

Figs. 25-27, 25-28, 25-29, and 25-30 show cumulative distribution curves 
for some of the measurements which have been described above. They 
were taken from batches of experimental units, and are not necessarily 
representative of what can be achieved in production. In addition, the 
diode tests were plotted for only a small number of units, simply to give 
an idea of magnitude. 


PER CENT 





VOLTS 


Fia. 25-28 Cumulative distribution of voltages for “constant current” diode test 
of p-n diodes. 
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Via, 25-29 Comulative distribution of vol for “ ” 
of WES 400A diodon, Wagon for “constant voltage” diode vont 
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Fig. 25-27 shows a distribution of trigger voltages for a group of experi- 
mental point-contact switching units. About 0.2 ma was switched into the 
emitter in this case, with —8 volts collector supply, and 470 ohms in base 
and collector. Emitter capacity was 15 micro-microfarads. 

Fig. 25-28 shows a distribution of initial voltage peaks of a group of early 
p-n junction diodes in the “constant current” test. A 25-ma current was — 
imposed in the forward direction in this case. 

In Fig. 25-29 is a distribution curve of peak voltage in the “constant 
voltage” test for a group of WE 400A point-contact germanium diodes, 
In this test a 10-volt peak sine wave was applied through 470 ohms. These 
last two curves show that the effects under discussion can be large enough 
to cause the circuit engineer considerable concern. 

Fig. 25-80 is a distribution curve of delay time due to minority carrier’ 
storage for a group of point-contact units. Here the initial current was 
about 10 ma, and the input pulse 15 volts peak. 
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Ita, 25-30 Cumulative distribution of storage delay times for point-contact unl 


25.5 MEASUREMENTS OF CHARACTERISTICS OF 
BREAKDOWN DIODES * 


The solid-state diode is characterized by a low impedance when binwed 
in one direction and a high impedance when biased in the other direotlon, 
But if the bias voltage is increased in the high-impedance direotion, 
voltage will be reached where again a low impedance will be ob 
This second low-impedance region is called the breakdown region, 
is the region of interest in a breakdown diode, ‘The idealized vol 
rent characteristics of a breakdown diode are shown in Vig, 25-81, 
I is the part of the direct-current characteristic having a low | 

region R is the high-impedance region, and region B is the b 


~ Hoo, 26.5 is by M, G. Walia, 
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Fig. 25-31 Idealized characteristic of breakdown diode. 


region. To characterize the breakdown diode it is necessary to make meas- 
urements of the d-c resistance and a-c impedance at points F, R, and B, 
together with some measurement to indicate the extent of the transition 
region between R and B. ; 

The breakdown region as described above should not be confused with 
the dynamic negative-resistance region commonly associated with the 
point-contact diode. The breakdown characteristic is due to a non-destruc- 
tive dielectric breakdown in the n-p junction, whereas the dynamic nega- 
tive region of the point-contact diode is a thermal effect. The discussion 
which follows applies only to the breakdown diode. 

A measurement of the d-c current, J;, at a voltage, Vy (where V+ = con- 
stant) can be used to characterize the region F. Likewise a measurement 
of I, at V, (where V, = constant) and a measurement of Vz at Iy (where 
I, = constant) can be used to characterize regions R and B. The extent 
of the transition region between R and B can be judged by a measurement 
of current at 0.95V,. This current can be called I,». The above meas- 
urements are all large-signal measurements. 

Additional useful information is obtained if small-signal measurements 
are made in regions F, R, and B. These measurements are respectively 


|| (Vy = constant) 
dl Ip 

Y 
=| (V, = constant) 
dI Jp 
dV 


— Ty = constant) 
dl i lp 


The measurement of 7, will give a monsure of the serion resistance of the 
breakdown diode, The current will bea funetion of the ronintivity of the 
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semiconductor used, and the dimensions and geometry of the diode. This 
test is also useful in checking the quality of the lead attachment. At a 
voltage of 1 volt the current through a typical breakdown diode will be of 
the order of 1 to 100 ma, which is readily measurable with ordinary meters. 


The measurement of J, and || is necessary to evaluate the diode for 
R 
circuit uses. These parameters are functions of the material, size, and 
geometry of the material, and the process used in fabricating the diode. 
The choice of V, is somewhat arbitrary, a suggested value being about 
one-half the breakdown voltage, Vs. J, will have a value of a few micro- 
amperes in the usual case and so is measurable with a sensitive meter. If 
a bridge is used for measuring the a-c impedance it should be capable of 
measuring up to several hundred megohms and should be used at low 
audio frequencies. j 
The value of Vz, which may vary from a fraction of a volt to the order — 
of a thousand volts, can be measured with a high-impedance voltmeter. 
The magnitude of V» is a function of the thickness of the junction region 
in the diode, and is determined when the junction is created. The a-c im- 
pedance at point B is due partly to the material used and partly to the 
series resistance measured at point F. The a-c impedance will be of the 
order of tens to hundreds of ohms. 

The transition region between regions R and B, sometimes called the 
“soft breakdown” region or “soft knee,” is a function of the uniformity of — 
the thickness of the junction as well as a function of the fabricating process, — 
A measurement I,,, when compared to /,, gives some idea of the size of 
this region. 


25.5.1 Diopr Curve Tracer. Perhaps the best way of evaluating the 
breakdown diode is by the use of a curve tracer. By its use it is possible 
to make observations of all the characteristics mentioned above. In addi- 
tion, any irregularities that might escape a point-by-point measurement 
are disclosed by the curve tracer. The curve tracer is extremely useful for 
the observation of the soft breakdown region. 

A curve tracer suitable for observing the over-all characteristics of the 
breakdown diode should have a sensitivity sufficient to enable observations — 
of a fraction of a microampere to be made, and in addition should have 
sufficient voltage available to enable measurements of the highest break 
down voltages to be made. 

The circuit diagram of a suitable curve tracer is shown in Fig, 25-82, 
The transformer T should have a peak voltage output sufficient to exceed 
the breakdown voltage of the diode under test and should be capable of dé 
livering sufficient current to make observations of Jy. The series resistance, 
R,, should be adjusted to prevent oscillations which sometimes occur ni 
irregularities in the observed characteristics. The drop across the 
ance, R, is a measure of the current, while the drop across R and the di 
together is used to measure the voltage. It is necessary that the drop ae 
R be kept small. For this reason amplifiers should be incorporated in 
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Fig. 25-32 Curve tracer for breakdown diodes. 


oscilloscope. Since the d-c component is lost if a-c ampli 
resulting in a shifting of the zero, it is convenient if the tee ce e 
retained by using d-c amplifiers in the oscilloscope. Separate means ma 
be ns wasn . calibrate the curve tracer. : 
0 permit the observations of currents and voltages n igi 
well as far removed from the origin, it is possible to ale eee 
pression in the vertical and horizontal amplifiers of the oscilloscope. This 
provision results in a rather open scale near the origin and a compressed 
scale away from the origin. One way of obtaining the compression is by 
the use of a Logaten * in each amplifier of the oscilloscope. The Logaten 
starts to compress the input when the input reaches 0.1 volt. The maxi- 
mum rated input to the Logaten is 50 volts. For best results an attenua- 
tion of 20 db should be introduced ahead of the Logaten in the horizontal 
amplifier so compression starts at 1 volt and continues up to 500 volts 
Since the voltage developed across R in the curve tracer should be small, 
it is necessary to place the Logaten in the vertical amplifier after some gain 
of the input signal has been achieved. 


25.5.2 Direct-Current MrasurEMENTS. Measurements of I tr Lr, V 
and J,, can readily be made using means that are commonly at Fraga 
However, for ease of measurement, it is useful to utilize a constant voltage 
(low internal impedance) supply for the measurement of J f Ir, and I 
and a constant current (high internal impedance) supply for the mises 
ment of Vo. Fig. 25-33(a) shows the diagram for a constant voltage sup- 
ply and Fig. 25-33(b) shows the diagram for a constant current supply 
Supplies of these types have advantages over battery supplies in that the 
voltage or current can be continuously variable. 


25.5.3 DyNamic oR SMALL-SIGNAL MEAsuREMENTS. Th 
31 y e values of th 
dynamic impedance of the breakdown diode at points R and B can be 
judged roughly by viewing the characteristic on the curve tracer, but more 
accurate values can be attained by using an audio-frequency bridge or a 
romameiar care, set of the type discussed in Sec, 24,1. This section should 
e consulted if more information is desired on the measurem 
parts of the characteristics, ee 


* Manufactured by Kalbfold Laboratories, Ino,, San Diego, California, 


















604 PRINCIPLES OF TRANSISTOR PERFORMANCE CHARACTERIZATION 








UNREGULATED 
oc CONSTANT 
VOLTAGE 


Y CONSTANT 


UINREGUEATED CURRENT 


REFERENCE 


(b) 
Fic. 25-83 Regulated supplies. 


25.5.4 Resuutts. The measurements of the large-signal parameters, 
namely, J;, I, I-», and V», and of the small-signal parameters 


*| | | 
—]|, —|, and — 
dIljp dI Jr dl Ip 


furnish sufficient information about the diode to allow it to be evaluated 
for potential circuit uses. In addition the measurements of the above pa- 
rameters make it possible to evaluate the effectiveness of the process used 
in fabricating the diode. 


SYMBOLS USED IN CHAPTER 25 


Currents and voltages denoted by lower-case letters (v-, i», ete.) refer to 
small-signal values. 
Currents and voltages denoted by capital letters (V., I», ete.) refer to dee 


values. 

Lower-case resistance and impedances (r., 722, etc.) refer to parameters 
within device terminals. 

Capital resistances and impedances (R-, R22, etc.) refer to external coms — 


ponents. 
B breakdown region , 
F the part of the direct-current characteristic hay 
low impedance 
feo output resistance, collector resistance — 
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Tn resistance of equivalent constant-voltage genera- 
tor Tmte 

R high-impedance region 

Ra turning point of emitter negative resistance char- 
acteristic at peak 

Re turning point of emitter negative resistance char- 
acteristic at valley 

Rin emitter negative resistance characteristic 

Rt load resistance 

a current amplification factor 

Q1, a2, ete. current gain of various parameters 


SUBSCRIPTS 


r high-impedance region 
Te low-impedance region 
b breakdown region 


Single subscripts refer to terminal values. 
Double subscripts (Vee, etc.) refer to bias source supplies. 
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Chapter 26 


RELIABILITY: A DESIGN OBJECTIVE 


In the final analysis, the proof of component reliability is a satisfactorily 
low time rate of failures or malfunctions in actual use. Consideration of 
this statement for a moment will lead to the realization that, indeed, relia- 
bility is the concern of a great many people. Component and application 
designer alike have vital roles to play. Of course there are others—the 
manufacturing teams and even the customers. 

This chapter is concerned especially with the problems of the transistor 
designer; but it is the application or system which, to a large extent, defines 
these problems and determines their difficulty. We shall begin, therefore, 
with a discussion of system reliability considerations and requirements. 


26.1 SYSTEM RELIABILITY CONSIDERATIONS 


26.1.1 THe Retatep Concepts AND DEFINITIONS OF SYSTEM AND 
Component ReLiaBiuiry. The reliability of many simple electronic sys- 
tems is less than the reliability of the single components of which it is made. 
For instance, in most commercial home radio receivers, failure of any one 
of most of the components will cause the receiver to fail. On the other 
hand, it is possible to construct a system which is more reliable than the 
components of which it is made. Systems exist in which one or even sev- 
eral components may fail without causing the system to break down. If 
it were not for this fact, it would be impossible to have a useful large-scale 
telephone system containing millions of components. The reliability of 
each component will depend not only upon how it is made but also upon 
the particular way in which it is used in the system—and upon the condi- 
tions under which the system is used. Since reliability is such a complex 
question, it is important to make definitions in such a way as to split the 
problem into appropriate simpler parts. . 

We may define system reliability as the probability of operation within 
a range specified by numerical criteria of satisfactory performance, as a 
function of time and conditions of use, For the numerical criteria Of Hatin 
factory performance, we may omploy such parametors ax: failure Talo, pore 
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centage of down time, or the expected time before the first failure or mal- 
function. Of course it is necessary to define what constitutes a failure or 
malfunction. 

The system designer may choose to employ a parallel definition for com- 
ponent reliability, simply substituting the word transistor or component 
for the word system. The component designer may be troubled by this 
definition, however, since by and large no component designer or manu- 
facturer can anticipate all of the criteria of satisfactory performance that 
may be applied to his component. These criteria are established by the 
component user and, as will be demonstrated, are as important to the 
service reliability of the component as the actual aging characteristics. 
The component designer’s special definition of reliability, therefore, omits 
the concept of acceptance limits over which he has no direct control, and 
becomes: ‘Reliability is the probability of stated performance of a com- 
ponent under various electrical and ambient conditions as a function of 
time.” 

While most of this may seem obvious, nevertheless an important diffi- 
culty has already been encountered. What range of component perform- 
ance should be prescribed by the user in order that his system will operate 
reliably? This question is often very hard to answer. To avoid it, people 
have sometimes fallen into the temptation of erroneously defining a reliable 
component as ‘‘one which gives satisfactory system performance.’’ The 
trouble with this definition is that it puts all the burden of reliability on 
the components. Circuits and systems must and do contribute to relia- 
bility. 

We therefore assume that the reliability requirements of the system 
which the components must meet will be stated in terms of prescribed 
ranges of performance characteristics and time. Accordingly, the circuit 
engineer has the problem of maximizing and then stating the acceptable 
range of device characteristics, and the problem of the component designer 
becomes that of stabilizing and then statistically predicting performance 
as a function of time, over a range of electrical and ambient conditions. 

To make this point clearer, let us make a comparison with what is done 
in the field of present component and system practice. Here we have 
system performance indices—for example, amplifier gain and power output. 
These depend on active component properties like amplification factor, 
interelectrode capacitance, etc. The system performance depends not only 
on these properties of the active components but also upon other things 
such as load resistances, transformer ratios, etc. Hence, in discussing per- 
formance, it is necessary to make a clear distinction between system proper- 
ties and component characteristics, and it is best to specify the component 
in terms of system performance. Furthermore, it is often advantageous to 
describe the component performance in terms of figures-of-merit, such as 
gain-band product, power-band product, etc., which combine two or more 
varying interrelated performance criteria. 

Similarly, it is expected in the reliability field, that component figures- 
of-merit will prove useful, as for instance in a combined statement of be= 
havior with time and temperature. 
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26.1.2 CLASSIFICATION OF CoMPoNENT FAILURES. Invoking the system 
definition of reliability, a failed component may be identified simply as one 
whose characteristics have changed out of the range specified for satisfac- 
tory performance in the system. A further breakdown of failures into three 
classifications is possible, however, and is necessary for a more complete 
understanding of the contribution of a component to system reliability 

(1) Catastrophic failures are comparatively sudden and unexpected de- 
partures from the range of satisfactory performance. For example, lead 
wire breaks, internal shorts, or burn-outs may be classed as catastrophic 
failures. If such failures occur, they are usually cause for remedial action 
in the component manufacturing process or design in order to reduce their 
a ace Usually, ee failures are unpredictable, since measure- 
ments of component performance previ i i 
foe p previous to failure may show no sign of 

(2) Abuse Jailures are caused by subjecting the component to electrical 
or ambient conditions which exceed its maximum ratings or constitute a 
use for which the component was not designed. These are usually cause 
for remedial action by modification of the system to protect the component 
against such abnormal conditions, by looking for oversights in the system 
design, or by substitution of a component with more appropriate ratings 
In a well-designed system which has been adequately field-tested com- 
ponent failures resulting from abuse should not occur unless some protec- 
tive feature fails or faulty maintenance is allowed. This. type of failure is 
also considered to be unpredictable. 

(3) Aging failures occur as a result of comparatively gradual changes in 
component characteristics which eventually cause performance to move 
out of the prescribed tolerance ranges. These failures are usually cause for 
action in both the component and system design areas. On the component 
end, aging rates should be kept as low as possible and initial performance 

as high as possible. Aging rates and their dependence on use conditions 
must be estimated to permit prediction of system performance reliability 
On the system end, aging failures may be minimized by incorporating aging 
margins (Fig. 26-1) as large as possible in the system design and by mini- 
mizing the severity of component exposure. In certain systems it may be 
necessary to specify preventive maintenance or some sort of marginal 
checking in order to detect units which have nearly used up their margins 

Ina new system, the early component failures are normally of the cat- 
astrophic or abuse variety, and aging failures will not predominate until 
enough time has elapsed for the aging rates to eat into the initial margins 
An awareness of the distinction between the three classes of failure is nec- 
_— in the evaluation of the reliability prospects or experience of any 
system. 


26.1.3 AGINGa FarLures or Components IN A Sysru. - We shall now 
examine briefly the basic principles underlying design for control of com- 
ponent aging failures in any system, The objective is to understand what 
for sn action are necessary in order to predict and guard against such 
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Fig. 26-1 Typical aging curves. 


Refer now to Fig. 26-1. For simplicity, suppose that the aging behavior 
of only a single component parameter X is important. Suppose also that 
the underlying population for this parameter has some distribution D which 
changes and moves with time within the aging boundaries shown by the 
two curved lines. Let the initial distribution be truncated at some manu- 
facturing limit and the application be so designed that successful circuit 
operation will be obtained if the component parameter is within the range 
below the circuit limit. The difference M between these limits is a margin 
which contributes to more reliable system operation. 

As time passes and the units age, the margin is gradually reduced, 
There will be an initial period A during which aging failures may not be 
expected to occur, a sort of honeymoon or delay interval. Aging failures 
will not occur until, as suggested in Fig. 26-1(a) ,the parameter X passes 
the circuit limit for the first unit to fail. For a while, the aging failure 
rate may be expected to rise. If, as is usually the case, failed units are 
immediately replaced by new ones, after a time the rising average failure 
rate will approach a constant equilibrium value. The average expected 
interval between failures, A, at equilibrium is given by A = ty,/N where 
tay is the average life of a unit and N is the number of such units in the 
system, Since t,, includes A, and N is usually a large number, the expected 
interval between failures, A, may actually be much shorter than A, the 

“honeymoon interval.” Of course, A, fa», and the time of approach to 
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equilibrium failure rate all depend upon the aging slope of parameter X 
Assuming that the first unit to fail has a finite aging slope, A may be made 
longer or shorter by increasing or decreasing the margin M. In certain 
applications, such as guided missiles, it is necessary to design circuit mar- 
gins for an A greater than the total expected life of the system. 

The following conclusions may be drawn from the foregoing discussion 
and from inspection of the figures: 

(1) In order to make a design prediction of component reliability in any 
system It 1s necessary first to evaluate the following three factors: the aging 
behavior of critical parameters, the statistical variations in that aging be- 
havior, and catastrophic failure rate as a function of time. Often, the cat- 
astrophic failure rate does not depend so strongly upon the conditions of 
use as does the aging behavior. Aging rates are usually not constant with 
time, and assumptions based upon statistical normality may not be valid 
for either the starting distribution of product or for the distribution of 
aging slopes. 

(2) In principle, aging failure rates are predictable from the component 
aging data, when circuit limits are known. 

(3) Aging failure rates will be lowered by circuit work which increases 
the margin between circuit limit and manufacturing limit or decreases the 
severity of use, and by work on the device which decreases the aging slope 

(4) During the interval A for a new system with new components and 
adequate margins, one should expect the dominant types of component 
failure to be of the catastrophic or abuse type; see Fig. 26-1(b). These 
failures usually diminish in time and may drop to a low value during the 
interval A. As the system ages and the component margins are used up 
one should expect the rate of failures to be increased. 

; (5) The system designer should give careful consideration to the possi- 
bility of employing a program of preventive maintenance for reducing the 
incidence of component aging failures. By checking components periodi- 
cally at some determined interval and removing those units which have 
used up a specified fraction of the margin M, the probability that any unit 
will cross the circuit limit during the maintenance interval can be made 
very small. The amount of preventive maintenance employed must de- 
pend upon the economic balance of all factors involved ; that is, the cost 
of unscheduled breakdowns and maintenance versus the cost of preventive 
maintenance and components discarded while still possessing some useful 
life. Where the cost of unscheduled breakdowns must be reckoned in 
terms of human lives, preventive maintenance may be cheap at any price 

(6) A component which has been in the system for a time long com- 
pared with A is likely to have a low aging rate, and has also had a long 
period of test to insure against catastrophic failure. In general, an old unit 
ee pet ye eect as a mere precautionary measure. Unless one has 
determin at its remaining margin is sm : 

MELT betidh tz tee cece g g all, such a seasoned component 

(7) For systems requiring extreme reliability, such as submarine cables 
and long-range missiles, a considerable period of component aging before 
uso May be neceswary to select those with the lowont aging rates, If done 
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on a large enough scale, such pre-aging can also be used to insure that the 
rate of the current catastrophic failures is adequately low. 

Another point should be mentioned, though it is not obvious from the 
curves or from the preceding discussion. It is very helpful to know the 
mechanisms of aging. If, for example, one knows that higher temperatures 
accelerate aging by specific amounts, this fact can be used for early predic- 
tion of aging rates at ordinary temperatures. In principle, then, a system 
can be protected from aging failures by action based on information ob- 
tained from accelerated tests lasting only a fraction of the protection time. 
If these accelerated short-term tests are on a scale sufficient to show also 
that the incidence of catastrophic failures is adequately low, the system 
can thus be well protected for a comparatively long time against component 
failure of both types. ; 

It should be recognized that no scheme for protection against failures 
can be 100 per cent effective. For instance, 


(1) Though it may be determined that the catastrophic failure rate is 
very small, it is never zero, and it often has a statistical variation 
which is quite large. 

(2) Catastrophic failures may arise from unsuspected gradual deteriora- 
tion over a period long compared with the test interval. By defini- 
tion, no effect on the characteristics will be seen until failure occurs 
(for example, a growth of whiskers on tin plating ultimately produe- 
ing a short circuit). 


26.1.4 Reviasimiry Is Everysopy’s Business. Section 26.1 has dis- 
cussed the background of the system reliability problem and has indicated 
the actions which should be taken by device designers, device fabricators, 
and circuit and system designers to promote maximum reliability. The 
keynote is cooperation. Chapter 27, on the principles of reliability char 
acterization, will discuss in more detail the kinds of component reliability 
data and quantitative system reliability objectives required, and will show 
how these factors may be manipulated to attain the design reliability ob= 
jectives. 


26.2 TRANSISTOR RELIABILITY EVALUATION 


A simple way to think of any program for device design or development 
is in terms of two closely coupled functional areas called “synthesis” and 
“testing.” Error and correction signals circulate between these two areas 
until the error signal output of the testing area reads zero—in other words, 
until the design objectives have been met. Design for reliability, in prin« 
ciple, may be accomplished by making provision for the circulation of in« 
formation on one additional class of parameter—namely, time. In practice 
however there is one serious drawback, Time, like water, is substantially 
incompressible; and like a true friend, is not easy to replace, What is th 
answer? We must learn to live with a delay in the testing function, 
delay may be held to a minimum however by careful reliability test. pl 
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ning, by sound and adequate instrumentation, and by rapid and efficient 
analysis of the data. 


26.2.1 ReLiapiuiry Test PLANNING. Let us begin by recognizing that 
there is a place in the design program for the approach, “Let’s put a few 
of these on test and see what happens.”’ The results of such tests, however, 
are often misinterpreted. In general, only gross effects may be assessed in 
this fashion, and then only little better than qualitatively. If there is any 
inconsistency in the results, there is substantially no basis for any conclu- 
sion. After the designer has repeated an experiment of this type several 
times, he may conclude that it would have been cheaper and certainly 
quicker to have planned an experiment from the start. 

There is no single cut-and-dried procedure for planning a transistor re- 
liability evaluation study. The objectives are too varied and the considera- 
tions too complex. It is possible to devise an appropriate plan for a par- 
ticular reliability evaluation test, however, if careful attention is given to 
classification of objectives and to certain statistical considerations. 

Reliability test objectives may generally be stated in terms of appropriate 
combinations of the factors italicized below. From a device point of 
view we are normally interested in characterizing or comparing aging be- 
havior and/or sudden failure rate. Let us now consider the various com- 
binations of these factors in terms of a typical device development program. 

We shall first assume that the initial paper development stage is passed 
that we have examined the reliability objectives, and that we have drawn 
on our previous experience and the technology of reliability to synthesize 
a “Teliable” structure. We are now ready to make our first sample devices. 
There is usually nothing to compare the device with, and for reasons which 
will become apparent later, we are not especially interested yet in sudden 
failure rate. We are simply interested in a relatively crude characteriza- 
tion of aging behavior, with three purposes in mind. It is necessary to 
know if we have come close to the reliability design objectives, Tt is nec- 
essary to know what spread in the data may be expected in order to in- 
corporate statistical planning in future tests. And finally, we should not 
overlook the possibility of pronounced and dangerous aging of parameters 
not considered in the original design. At this stage it is well to keep the 
test simple. Select one or two aging conditions that, on the basis of engi- 
neering judgment and the design objectives, are most likely to be critical. 
Use enough units on each test condition so that the statistician may make 
a good estimate of variance. Not fewer than twenty, if possible, has been 
found to be a good rule of thumb. The selection of the parameters to 
measure must also be made on the basis of design requirements and engi- 
neering judgment. At this stage, however, it is usually permissible to err 
in the direction of measuring too many things, 

From this point on we have quantitative experience to draw upon and 
may employ statistical design in our calculation test planning, Statistics 
Is not a panacea, Tt is not even a substitute for good and sufficient data, 
But given a reasonable chance, atatintion will add strength and order to the 
designer's conclusions, It is not the intent of thin chapter to educate the 
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reader in the subject of statistical design of experiments. There are many 
good books written on the subject and many experts to consult. The de- 
signer will find that his most important responsibility is in framing the 
problem in such a manner as to make it amenable to statistical treatment. 
By and large the designer should be prepared to supply the answers to the 
following questions: 


(1) What is the prime objective of this experiment in terms of the factors 
previously mentioned? 

(2) What aging slope or sudden failure rate do you wish to detect or 
compare? 

(3) What level of confidence do you desire? That is to say, how certain 
do you want to be that you could not have gotten the same answer 
by pure chance? 

(4) How soon do you want an answer? 

(5) What experience or previous data do you have? 

(6) How precise or reproducible are the readings from the measuring 
instruments which you plan to employ? 

(7) What is the maximum number of sample devices you can afford to 
use in this determination? 


The point has been raised that in the early development stages the de- 
vice designer may not be too concerned with an estimation of the sudden 
failure rate. Let us now clarify that remark. There are very few so-called 
reliable systems which can tolerate a sudden failure rate in excess of 0.1 
per cent per thousand component hours. The statisticians have supplied 
us with another convenient rule of thumb. Making certain mathematical 
assumptions that are more important to the statistician than to the engi- 
neer, one may calculate the number of component test hours needed, with- 
out a failure, in order to guarantee that the sudden failure rate is less than 
0.1 per cent with a confidence of 90 per cent. This number is approximately 
2.3 million. In a reasonable test period of say 1000 hours, therefore, the 
designer would have to test something like 2300 components. A number 
of sample devices this large is not normally available at the initial stages 
of development. Further, until we can be reasonably sure that the sample 
will be representative of the final product, such a test is not very economi- 
cal. Of course, we cannot afford to lose sight of the fact that we should 
have an answer to the question of sudden failure rate before we start large- 
scale manufacture. From the numbers given, we may also conclude that 
any number of sudden failures during early evaluation studies is too large, and 
calls for remedial action. 

During the ensuing design stages we are primarily concerned with make 
ing closer and closer approximations to the design objectives. For a while 
we will be primarily concerned with comparing the results of various 
changes in design. Since a development calendar is usually involved, one 
of the more important attributes of the test during this period is economy 
of time. The designer may achieve this economy in at least three ways, 
(1) The aging conditions may be made more severe to produce what i# 
known as “accelerated”? aging. (2) The number of failures may be ob 
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served for a “compressed” or artificial limit at or near the component 
manufacturing specification limit. (3) The designer may elect to use one 
of several statistical techniques based on observing failures sequentially. 
However the tests are planned, two other precautions are necessary. When- 
ever possible, compare the units of the new design with those of a control 
group. Control in this case means a roughly comparable number of units 
prepared at the same time and alike in details of materials and process 
except for the particular design change or changes to be evaluated. Finally, 
avoid attempting to evaluate more than one process or design change at a 
time, unless you are prepared to employ a statistically planned and carefully 
conducted experiment. 

For higher reliability applications, it may become necessary to perform 
a final detailed characterization of the aging and sudden failure rates for a 
variety of ambient and circuit use conditions. At this point a salient con- 
sideration is that the samples drawn for this study belong to the universe 
of devices which the customer will receive and use. The process for making 
these devices should be in statistical control. The designer should recog- 
nize that any subsequent changes in structure or process may invalidate 
all or part of this comparatively difficult and expensive characterization. 
The principles of reliability characterization are treated in detail in Chap- 
ter 27. 

Only the principal considerations in reliability test planning have been 
discussed. Anyone who has worked in this field will recognize that tests 
of this type are valuable also in the study of reliability mechanisms, the 
design of preventive maintenance procedures, the specification of produc- 
tion life tests, etc. The main elements of procedure are clear specification 
of the reliability test objectives and realization of the potency of applied 
statistical techniques. 


SYMBOLS USED IN CHAPTER 26 


initial period during which aging failures are not expected 
to occur 

margin between manufacturing and circuit limits 

number of units in a system 

average life of a unit 

average expected interval between failures 
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Chapter 27 


PRINCIPLES OF RELIABILITY 
CHARACTERIZATION 












27.1 INTRODUCTION 


In Chapter 26 a discussion was given of the empirical behavior of a gen- 
eralized transistor parameter during aging. To enhance the value to a user 
of large numbers of transistors in a system, however, the aging data 
must be presented in such a way that the user can predict average unit life 
and failure rate in his particular system. In this chapter we shall describe 
a method which makes use of aging data to answer several primary ques- 
tions concerning these important use parameters. The following discus 
sion is restricted to only one type of component failure, that is, failure 
caused by normal aging. Catastrophic failures are assumed to be weeded 
out of the population by a pre-aging run conducted by the manufacturer, 
Abuse failures are neglected because their analysis brings in other con= 
siderations which should be removable and because their occurrence is due 
to accidents of use which are over and above the normal aging behavior of 
the population. 


27.2 TYPE OF DATA PRESENTED 


In Chapter 26 a distinction was made between component reliabilil 
from the user’s (systems) point of view and the manufacturer’s (combonaii 
point of view. This distinction lies within the concept of operating limite 
or criteria of satisfactory performance. If the definition of component tt 
liability were restricted by imposing systems limits, the resulting estimate 
of reliability would become completely dependent on the system in which 
the component is to be used. Thus, every system begets its own state. 
ment of system-component reliability, i.e., the component’s contributl 
to system reliability. 

A single type of component, say a particular transistor code, can be 
in a large number of systems and thus can have an equally large num 
of estimates of system-component reliability, In order to define a uni 
measure of component reliability which does not depend on the system 
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is necessary to find a method of predicting the aging of the components 
without recourse to the system limits. However, a necessary boundary 
condition to this method is that once a set of system limits is known, esti- 
mates of system-component reliability must be determinable. 

Fortunately, transistors exhibit certain measurable electrical parameters 
which will predict their usefulness in most circuit applications. Thus, to 
study the useful length of life of a transistor we could measure the elec- 
trical properties of transistors aged under a spectrum of environmental 
conditions at several different times. For accuracy of prediction it is im- 
portant that the environmental conditions will bracket the extremes which 
the transistors are expected to experience in service, If the measured elec- 
trical parameters are plotted versus the time of measurement for a spe- 
cific set of conditions, we can study the effect of these environmental 
conditions with time on the characteristics of the transistors. Such plots, 
called aging curves, have been described in Chapter 26. 

These aging curves have two important characteristics for which quanti- 
tative information must be available if one is to use transistor aging 
data to predict system reliability. The first of these is the central aging 
tendency of the parameter in question for the transistor population of the 
particular code. Arithmetic average and median or middle value are two 
terms each describing, in a sense, central group behavior. However, since 
the distributions of electrical parameters of most transistors investigated 
to date are definitely skewed, the median is much superior to the average 
in depicting central tendency, mainly because the median is not so sensitive 
to occasional extreme values. The median is also by definition the fiftieth 
percentile and is thus in line with the use of percentile aging plots to be 
proposed. 

The second aging characteristic needed is some measure of the spread of 
the aging data. Not all devices, even from the same type and code popu- 
lation, age exactly alike; hence the prediction of population performance 
is of necessity a statistical operation. As an example of the importance of 
spread, a transistor type whose J,(0, 15) lies between 45 and 55 microam- 
peres for 99 per cent of the units can be considered superior to one guaran- 
teed to have an J,(0, 15) between 10 and 80 microamperes in the same 
percentage of units. 

Measures of spread can be expressed as standard deviations or as per- 
centiles. A standard deviation is extremely useful when the distribution 
of a parameter approximates a normal or “gaussian” curve. Tables are 
available which make possible the calculation of percentage of units below 
any particular value for normally distributed data. However, with non- 
normal distributions these tables are not applicable. On the other hand, 
the percentile has one simple meaning irrespective of the shape of the dis- 
tribution: it gives the percentage of units within some specified range. Also, 
it is more easily computed, Consequently, for non-normal data the per- 
centile plot is preferred, ‘Thus, it is proposed to present aging data on elec- 
trical parameters of transistors in the form of medians and various per- 
centiles for each transistor code under stated conditions, By superposing 
the device paramoter limits which correspond to aystom failure of hin, par 
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ticular system, any user may then calculate the time to failure of half or 
of P per cent of the units in his system. Alternatively, by using the for- 
mulas to be developed, he may compute the statistically expected failure 
rate in his particular system, assuming that units are replaced as fast as 
they fail, or even that they are replaced as soon as some critical parameter 
value runs out of any prescribed limit short of failure for the system. 

The degree of confidence with which one may use the data depends, of 
course, upon the number of units comprising the life test sample. While 
the approximate position of the median can be established with relatively 
few units, the position of the higher or lower percentiles is progressively 
more uncertain. Consequently, the curves should show the highest per- 
centile which is reasonably well determined by the available data. This 
highest reliable percentile is not always the same for the various tests. 


27.3 RELIABILITY FIGURES AND TABLES OF MERIT 


Prediction of future trends from extrapolation of the data, or from scaling 
to lower temperatures the results of the high-temperature accelerated life 
tests, is not yet in a quantitative state. The statistical tools allowing the 
prediction of future events without assuming or transforming into a normal 
distribution do not exist at this time. However, when the data allow the 
use of regression techniques and the assumption of linearity or other simple 
relationships, an aging rate (change in parameter as a function of time) 
may be given. Such expressions may then be given as component reliability 
figures-of-merit. These reliability figures-of-merit may be taken as esti- 
mates of the component reliability. 

When analytical expressions cannot be written, what sort of figures-of» 
merit can we obtain from the aging curves? Fig. 27-1 presents a typical 
aging curve with a median value of the electrical parameter and a P-per 
centile (P > 50) plotted versus time for a particular set of operating con= 
ditions. At each of several fixed times to, t, fa, --- we can obtain the 
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median and P-percentile values of the electrical parameter. These values 
constitute a summary for this parameter of interest for this particular op- 
erating condition. Similar summaries may be determined from:life test 
data for all the parameters of interest and for a number of different sets of 
operating conditions bracketing those most likely to be encountered in 
actual use. The data may then be displayed in a table which might prop- 
erly be referred to as a Table of Reliability Merit. Such a table is shown 
(Table 27-1) for the n-p-n alloyed-junction, hermetically sealed tran- 
sistor. Here are tabulated, for various aging conditions and at various 
times, the median and P-percentile values of several electrical parameters. 
From these data, if the circuit tolerance limits are known, one can predict 
the expected times ¢, and t, at which P per cent and 50 per cent of the 
original units survive, respectively. 


TABLE 27-1 FIGURES-OF-MERIT FOR THE 1853 UNIT 






































Time: Zero hours | Time: 100 hours | Time: 1,000 hours] Time: 1,900 hours 
Test 
Condi- Parameter 
tions Median 80 Per- Median 80 Per- 80 Per- 
centile centile centile 
27°C | I(0, 4.5) wa 5.6 3.4 4.3 6.2 
Omw /|J-(0, 15) wa 6.6 4.2 6.0 8.1 
Ie(4.5, 0) pa 3.8 2.0 2.9 3.4 
a(1 ma, 4.5v) pc 0.975 0.965 0.978 0.975 
27°C | Ic(0, 4.5) wa 8.2 4.7 6.3 12. 
50 mw | I-(0, 15) ya 11.6 6.6 11.6 16.5 
I.(4.5, 0) wa 4.4 3.7 6.0 6.4 
a(1 ma, 4.5v) pc 0.977 0.968 0.978 0.996 
60°C | Ic(0, 4.5) wa 66 56 70 146 
Omw |J-(0,15) ya 75 66 84 201 
1-(4.5, 0) wa 41 35 44 77 
a(1 ma, 4.5v) no 0.984 0.980 0.982 1.001 
60°C | 1-(0, 4.5) wa 76 72 92 205 
50 mw | J-(0, 15) pa 82 80 99 261 
Te(4.5, 0) pa 42 43 47 105 
a(1ma,4.5v)po| 0.974 0.984 0.973 0.982 0.998 











27.4 USE OF AGING DATA TO PREDICT 
SYSTEM-COMPONENT RELIABILITY 


To predict failure rates from these data the following procedure may be 
used. It was shown in Chapter 26 that if the failure limit for a critical 
parameter is different from the manufacturer’s specification limit, and if 
the user starts a large number N of new transistors in a particular applica- 
tion, he may expect a certain initial period in which no failures occur, This 
period, A, is the time required for the worst units to age past the user's 
failure limit, ‘The fraction of the initial population surviving and the failure 
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rate from this time on can usually be approximated by an exponential. If 
the user replaces failures as rapidly as they occur, using replacement units 
having the same reliability characteristics as those of the initial population, 
then the expected average interval A between required replacements will 
approach a steady-state value given by A = fa,/N where f,, is the expected 
(average) life to failure of the individuals of the population. 

If one specifies that failure results from the passing out of limits of the 
same parameter for all failing units, and if one assumes for simplicity that 
the survival curve for the initial population is given by an exponential 
decay delayed by some period A, then the value of A can be determined 
from the formula 

A = Ctn + (1 — City (27-1) 


where C = In P/In2P. For this kind of failure distribution the average 
steady-state replacement interval becomes 


ee (4 + —) (27-2) 


N In 2 


A little reflection on (27-1) and (27-2) will show that A does not depend 
directly on the number of units included in the system, while A is inversely 
proportional to the number of units. Thus, as the number of units in the 
system increases, the average time between failures, A, may become much 
smaller than A. 

In this way, from the median and P-percentile data, the circuit engineer 
may estimate the time before the first failure and the average time between 
failures at steady state for his particular application. No knowledge of 
the initial distribution of failure rates is required, so long as the survival 
curve is satisfactorily representable as a delayed exponential. 











Appendix I 


IRE STANDARDS ON ELECTRON DEVICES: 
DEFINITIONS OF SEMICONDUCTOR 
TERMS, 1954 * 


Acceptor (in a semiconductor)—See I mpurity, acceptor. 

Barrier (in a semiconductor; obsolete)—See Depletion layer. 

Base electrode (of a transistor.—An ohmic or majority carrier contact to the base 
region. 

Base region—The interelectrode region of a transistor into which minority carriers 
are injected. 

Boundary, p-n—A surface in the transition region between p-type and n-type 
material at which the donor and acceptor concentrations are equal. 

Carrier—In a semiconductor, a mobile conduction electron or hole. 

Collector (of a transistor)—An electrode through which a primary flow of carriers 
leaves the interelectrode region. 

Conduction band—A range of states in the energy spectrum of a solid in which 
electrons can move freely. 

Conductivity modulation (of a semiconductor)—The variation of the conductivity of 
a semiconductor by variation of the charge carrier density. 

Conductivity, n-type—The conductivity associated with conduction electrons in a 
semiconductor. 

Conductivity, p-type—The conductivity associated with holes in a semiconductor. 

Contact, high recombination rate—A semiconductor-semiconductor or metal-semi- 
conductor contact at which thermal equilibrium carrier densities are maintained 
substantially independent of current density. 

Contact, majority carrier (to a semiconductor)—An electrical contact across which 
the ratio of majority carrier current to applied voltage is substantially independent 
of the polarity of the voltage while the ratio of minority carrier current to applied 
voltage is not independent of the polarity of the voltage. 

Crystal pulling—A method of crystal growing in which the developing crystal is 
gradually withdrawn from a melt. 

Depletion layer (in a semiconductor)—A region in which the mobile carrier charge 
density is insufficient to neutralize the net fixed charge density of donors and 
acceptors. 

Diffusion constant (in a homogeneous semiconductor)—The quotient of diffusion 
current density by the charge carrier concentration gradient. It is equal to the 
product of the drift mobility and the average thermal energy per-unit charge of 
carriers, 

Diffusion length—In a homogeneous semiconductor, the average distance to which 
minority carriers diffuse between generation and recombination. 


* Originally published in Proe, ZAM, Vol, 42, Oot, 1064, 
62s 
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Diode, semiconductor—A two-electrode semiconductor device having an asymmetrical 
voltage-current characteristic. 

Donor (in a semiconductor)—See Impurity, donor. 

Doping—Addition of impurities to a semiconductor or production of a deviation 
from stoichiometric composition, to achieve a desired characteristic. 

Doping compensation—Addition of donor impurities to a p-type semiconductor or of 
acceptor impurities to an n-type semiconductor. 

Drift mobility (in a homogeneous semiconductor)—The average drift velocity of 
carriers per unit electric field. Norn: In general, the mobilities of electrons and 
holes are different. 

Electrode (of a semiconductor device)—An element that performs one or more of the 
functions of emitting or collecting electrons or holes, or of controlling their move- 
ments by an electric field. 

Electrons, conduction—The electrons in the conduction band of a solid, which are 
free to move under the influence of an electric field. 

Element (of a semiconductor device)—Any integral part of the semiconductor device 
that contributes to its operation. 

Emitter—See Emitter, majority and Emitter, minority. 

Emitter, majority (of a transistor)—An electrode from which a flow of majority carriers 
enters the interelectrode region. 

Emitter, minority (of a transistor)—An electrode from which a flow of minority carriers 
enters the interelectrode region. 

Energy gap (of a semiconductor)—The energy range between the bottom of the 
conduction band and the top of the valence band. 

Extrinsic properties (of a semiconductor)—The properties of a semiconductor as 
modified by impurities or imperfections within the crystal. 

Fermi level—The value of the electson energy at which the Fermi distribution 
function has the value 14. 

Forming, electrical (applied to semiconductor devices)—Process of applying electrical 
energy to a semiconductor device in order to modify permanently the electrical 
characteristics. 

Generation rate (in a semiconductor)—The time rate of creation of electron-hole pairs. 

Hall constant (of an electrical conductor)—The constant of proportionality R in the 
relation 

E, = R J X H, where 

En = transverse electric field (Hall field) 
J = current density 

H = magnetic field 


Note: The sign of the majority carrier can be inferred from the sign of the Hall 
constant. 

Hole—A mobile vacancy in the electronic valence structure of a semiconductor 
which acts like a positive electronic charge with a positive mass. 

Imperfection (of a crystalline solid)—Any deviation in structure from that of an 
ideal crystal. Nors: An ideal crystal is perfectly periodic in structure and con= 
tains no foreign atoms. 

Impurity, acceptor (in a semiconductor)—An impurity which may induce hole con« 
duction. 

Impurity (chemical)—An atom within a crystal which is foreign to the crystal, 

Impurity, donor (in a semiconductor)—An impurity which may induce electronie 
conduction. 

Impurity, sloichiometric—A crystalline imperfection arising from a deviation fre 
stoichiometric composition, 
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Intrinsic properties (of a semiconductor)—The properties of a semiconductor which 
are characteristic of the pure, ideal crystal. 

Intrinsic temperature range (in a semiconductor)—The temperature range in which 
the electrical properties of a semiconductor are essentially not modified by 
impurities or imperfections within the crystal. 

Junction (in a semiconductor device)—A region of transition between semiconducting 
regions of different electrical properties. 

Junction, alloy (in a semiconductor)—A junction formed by alloying one or more 
impurities to a semiconductor crystal. 

Junction, collector (of a semiconductor device)—A junction normally biased in the 
high-resistance direction, the current through which can be controlled by the 
introduction of minority carriers. 

Junction, emitter (of a semiconductor device)—A junction normally biased in the 
low-resistance direction to inject minority carriers into an interelectrode region. 

Junction, fused (in a semiconductor)—A junction formed by recrystallization on a 
base crystal from a liquid phase of one or more components and the semicon- 
ductor. 

Junction, n-n (in a semiconductor)—A region of transition between two regions 
having different properties in n-type semiconducting material. 

Junction, p-n (in a semiconductor)—A region of transition between p- and n-type 
semiconducting material. 

Junction, p-p (in a semiconductor)—A region of transition between two regions 
having different properties in p-type semiconducting material. 

Junction (semiconductor), diffused—A junction which has been formed by the 
diffusion of an impurity within a semiconductor crystal. 

Junction (semiconductor), doped—A junction produced by the addition of an impurity 
to the melt during crystal growth. 

Junction (semiconductor), grown—A junction produced during growth of a crystal 
from a melt. 

Junction (semiconductor), rate-grown—A grown junction produced by varying the 
rate of crystal growth. 

Lifetime, volume—The average time interval between the generation and recom- 
bination of minority carriers in a homogeneous semiconductor. 

Majority carrier (in a semiconductor)—The type of carrier constituting more than 
half of the total number of carriers. 

Minority carrier (in a semiconductor)—The type of carrier constituting less than half 
of the total number of carriers. 

Mobility—See Drift mobility. 

Mobility, Hall (of an electrical conductor) —The quantity wz in the relation uy = Ro, 
where R = Hall constant and ¢ = conductivity. 

Ohmic contact—A contact between two materials, possessing the property that 
the potential difference across it is proportional to the current passing through. 

Photovaristor—A varistor in which the current-voltage relation may be modified 
by illumination, e.g., cadmium sulphide or lead telluride. 

Point contact—Pressure contact between a semiconductor body and a metallic 
point. 

Primary flow (of carriers)—A current flow which is responsible for the major prop- 
erties of the device. 

Recombination rate, surface—The time rate at which free electrons and holes re- 
combine at the surface of a semiconductor, 

Recombination vate, volumeThe time rate at which free electrons and holes re- 
combine within the volume of a semiconductor, 

Recombination velocity (on a aemloonductor aurface)—The quotient of the normal 
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component of the electron (hole) current density at the surface by the excess 
electron (hole) charge density at the surface. 

Semiconductor—An electronic conductor, with resistivity in the range between 
metals and insulators, in which the electrical charge carrier concentration in- 
creases with increasing temperature over some temperature range. Certain 
semiconductors possess two types of carriers, namely, negative electrons and 
positive holes. , 

Semiconductor, compensated—A semiconductor in which one type of impurity or 
imperfection (e.g., donor) partially cancels the electrical effects of the other type 
of impurity or imperfection (e.g., acceptor). 

Semiconductor device—An electron device in which the characteristic distinguishing 
electronic conduction takes place within a semiconductor. 

Semiconductor device, multiple unit—A semiconductor device having two or more 
sets of electrodes associated with independent carrier streams. Nortm: It is im- 
plied that the device has two or more output functions which are independently 
derived from separate inputs, e.g., a duo-triode transistor. 

Semiconductor device, single unit—A semiconductor device having one set of elec- 
trodes associated with a single carrier stream. Norm: It is implied.that the device 
has a single output function related to a single input. 

Semiconductor, extrinsic—A semiconductor with electrical properties dependent 
upon impurities. 

Semiconductor, intrinsic—A semiconductor whose electrical properties are essen- 
tially characteristic of the pure, ideal crystal. 

Semiconductor, n-type—An extrinsic semiconductor in which the conduction electron 
density exceeds the hole density. Norn: It is implied that the net ionized im- 
purity concentration is donor type. 

Semiconductor, p-type—An extrinsic semiconductor in which the hole density exceeds 
the conduction electron density. Noru: It is implied that the net ionized impurity 
concentration is acceptor type. 

Space charge region (pertaining to semiconductor)—A region in which the net charge 
density is significantly different from zero. See also Depletion layer. 

Thermistor—An electron device which makes use of the change of resistivity of a 
semiconductor with change in temperature. 

Transistor—An active semiconductor device with three or more electrodes. 

Transistor, conductivity modulation—A transistor in which the active properties are 
derived from minority carrier modulation of the bulk resistivity of a semicon- 
ductor. 

Transistor, filamentary—A conductivity modulation transistor with a length much 
greater than its transverse dimensions. 

Transistor, junction—A transistor having a base electrode and two or more Junction — 
electrodes. 

Transistor, point-contact—A transistor having a base electrode and two or more 
point-contact electrodes. 

Transistor, point-junction—A_ transistor having a base electrode and both point= 
contact and junction electrodes. 

Transistor, unipolar—A transistor which utilizes charge carriers of only one polarity, 

Transition region—The region, between two homogeneous semiconductor regions, — 
in which the impurity concentration changes. 

Valence band—The range of energy states in the spectrum of a solid erystal in which: 
lie the energies of the valence electrons which bind the crystal together, 

Varistor—A two-electrode semiconductor device having a voltage-dependent none 
linear resistance, 
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Zone leveling (pertaining to semiconductor processing)—The passage of one or more 
molten zones along a semiconductor body for the purpose of uniformly distri- 
buting impurities throughout the material. 

Zone purification (pertaining to semiconductor processing)—The passage of one or 
more molten zones along a semiconductor for the purpose of reducing the im- 
purity concentration of part of the ingot. 
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IRE STANDARDS ON LETTER SYMBOLS 
FOR SEMICONDUCTOR DEVICES, 1956 * 


INTRODUCTION 


These Standards are supplementary to the JRE Standards on Abbreviations, 
Graphical Symbols, Letter Symbols, and Mathematical Signs—1948, Section I. The 
usage conforms to Section 101, General Principles of Letter Symbol Standardization. 
This Standard provides a uniform system of letter symbols for electrical quantities 
and parameters as applied to semiconductor devices in the same way that Section 
102 provides symbols for electron tubes. The Standard has been divided into 
three sections: 


(1) Electrical quantities, dealing primarily with voltage, current, and time 
quantities. 

(2) Electrical parameters, dealing with the relationship between specific elec- 
trical quantities. 

(3) List of letter symbols in alphabetical order. 


Electrical quantities at the device terminals are defined in Section 1. The elec- 
trical parameters of Section 2 are ratios of the terminal electrical quantities; i.e., 
they are two terminal-pair open- and short-circuit ratios. Letter subscripts are 
used for these ratios throughout this Standard; numeric subscripts following the 
matrix convention may be used when convenient, especially in the analysis of 
electric circuits. 


1 ELECTRICAL QUANTITIES 


1.1 Quantity SyMBOLs. 


1.1.1 Instantaneous values of current, voltage, and power, which vary with time, 
are represented by the lower-case letter of the proper symbol. EXAMPLES! 
4, Vv; tes VEB 

1.1.2 Maximum, average (d-c), and root-mean-square values are represented by 
the upper-case letter of the proper symbol. Examptas: J , V, Ley View 


1.2 SuBscripts FOR QUANTITY SYMBOLS. 


1.2.1 D-c values and instantaneous total values are indicated by upper-case sub- 
scripts. EXAMPLES: ic, Ic, vze, Ver, pc, Po 

1.2.2 Varying component values are indicated by lower-case subscripts. EXAMPLIS! 
46, Ls Veby Vas Pe, Ps 

1.2.3 If necessary to distinguish between maximum, average, or root-mean-square 
values, maximum or average values may be represented by the addition of 
a subscript m or av. EXAMPLES: tomy Lom, Loar, Lean, toav 


" Originally published in Proc, /R#, Vol, 44, July 1066, 
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1.2.4 Abbreviations to be used as subscripts. (For example, see Fig. A-1 and 
Basic Symbols Chart, 1.2.5.) 


E, e = emitter electrode 
B, b = base electrode 
circuit node 
M, m = maximum value 
AV, av = average value 
Q = average (d-c) value with signal applied 


C, c = collector electrode 
J,j = electrode, general 


a 
8 
l 









wanna 9p —- == WITH SIGNAL -—=----------- —----------- 
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RMS VARYING MAX. VARYING 
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a ic 
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4 1 
a \ 
© Ic Tom | 
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Teg | 
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TIME —~> 


Fig, A-1 Illustration of proper symbol usage. 


1.2.5 Basic Symbols Chart 





SYMBOLS 
1, ¥, D I,V,P 












Instantaneous varying 
component value 


RMS or effective varying 
component value 


~saoed 








Subscripts 


Tnstantancous total value Average (d-c) value 
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1.3 Tue Susscrier Sequence ConrorMS TO THE Maruematicat Convention t 


1.3.1 


1.3.2 


1.3.3 


1.3.4 


2 ELECTRICAL PARAMETERS 


2.1 
2.1.1 


2.1.2 


2.2 SuBscriIpTs FoR PARAMETER Sympozs. 


2.2.1 
2.2.2 
2.2.3 


mesiehien ealaaialM lg pe hss oh : 
"Tho static valuo is the slope of the line from the origin to the operating point on 
appropriate characteristic curve, 


PARAMETER SYMBOLS. 


FoR Writing DETERMINANTS FROM A Ser or FUNDAMENTAL Kircunorr’s 
Equations. 


The first subscript designates the electrode at which the current is measured, 
or where the electrode potential is measured with respect to the reference 
electrode, or circuit node, designated by the second subscript. (Conven- 
tional current flow into the electrode from the external circuit is positive.) 
When the reference electrode or circuit node is understood, the second sub- 
script may be omitted, where its use is not required to preserve the meaning 
of the symbol. ; 
Supply voltage may be indicated by repeating the electrode subscript. The i 
reference electrode may then be designated by the third subscript. Exam- 
PLES: Vez, Voc, Ves, Vrzs, Voce, Varc. 

In devices having more than one electrode of the same type, the electrode 
subscripts are modified by adding a number following the subscript and 
on the same line. Exampie: B2 

In multiple unit devices the electrode subscripts are modified by a number 
preceding the electrode subscript. Exampir: 2B 

Wherever ambiguity might arise the complete electrode designations are 
separated by hyphens or commas. Exampte: V;C;_.C, 

When necessary to distinguish between components of current or voltage, 
the symbols may be used as shown in Fig. A-1. The illustration shows a 
case where a small varying component is developed in the collector circuit 
of a transistor. 














Values of four-pole matrix parameters, or other resistances, impedances, 
admittances, etc., inherent in the device, may be represented by the lower- 
case symbol with the proper subscripts. ExAmpins: hiv, 270, Yor, Afb, Arp, opp 
Values of four-pole matrix parameters or other resistances, impedances, 
admittances, etc., in the external circuits, may be represented by the upper- 
case symbols with the appropriate subscripts. 


Static * values of parameters are indicated by the upper-case subscript. 
EXampues: rg, hrp, arp 
Small-signal values of parameters are indicated by the lower-case subscript, 
EXAMPLES: 15, Yo, hiv, 200, OLyp 
The first subscript or subscript pair in matrix notation, identifies the ele- 
ment of the four-pole matrix. i 

i or 11 = input 

o or 22 = output | 

f or 21 = forward transfer 

r or 12 = reverse transfer 
EXAmp.LEs: V; = hil; + Wie Rs Vi = Awl, + hioVo 

Tg = hyli + hoV Ty = hails + hoeVo 

Novw: Voltage and current symbols in matrix notation are designated wi 
a single-digit subscript. The subscript 1 input, The subscript 2 = out. 
put, 
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2.2.4 The second subscript or the subscript following the numeric pair identifies 
the circuit configuration. When the common electrode is understood, the 
second subscript may be omitted. 


¢ = common collector 
J = common electrode, general 


é = common emitter 
b = common base 


EXAmp.es (common base): 

Li =yoVnt+ yo lt = ywVis t+ yiaVe 

To = ypVin + YyorVon In = Yous Vin + Yorn Von 

2.2.5 Electrical parameters characterizing the behavior of a device with associated 

circuitry are designated by upper-case symbols with an appropriate sub- 
script; e.g., Z:, Zo. The termination may be indicated by an additional 
subscript such as: 0 = a-c open circuit termination ; $ = a-c short-circuit 
termination; a or other appropriate subscript for other terminations. This 
additional subscript may be omitted. ExAMpLas: Zio, Lis, Zia, Zi match 


I 


3 LETTER SYMBOLS IN ALPHABETICAL ORDER 


The following list has been compiled according to the conventions set forth in 
Sections 1 and 2 of this Standard. 

In general, the first symbol given for each electrical quantity or parameter illus- 
trates the basic symbol with the subscript which designates the reference electrode 
or common electrode (see Sections 1.3.1 and 2.2.5). The transfer ratio of the 
current generator shunting the collector branch low-frequency equivalent circuit 
is shown in Fig. A-2. 


37 
al j=-a-b 
Je, oN See ny ro 
E Te Te c B To (1-a) Cc 
Th Te 
B e 
(a) (b) 
Fig, A-2 Low-frequency 7 equivalent circuit: (a) base common, (b) emitter 
common, 


ar, arp, arc, arz—The static value of the short-circuit forward-current transfer 
ratio.* 

Of, X yb, Xfey &fe—The small-signal short-circuit forward-current transfer ratio,* 

OR, RB, rc, Arr—The static value of the short-circuit reverse-current transfer 
ratio.* 

Gry Ardy Mey Ore—The small-signal short-circuit reverse-current transfer ratio," 

Co, Cory Coo, Cov—The capacitance measured across the output terminals with the 
input open-cireuited to alternating current, 

Ja, far) faey foeTho frequoney at which the magnitude of the small-signal short 
cireult forward-current transfor ratio ia 0,707 of the low-frequency value, 


sipeainninintesieeinisintiaenbestnsiaeane teers tte 
*'The algebrale aign of @ for the common base configuration ia taken as poaltive in 
wocordanoe with oxtablinhed nne, Hherelore ayy = hy m= hyn 
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hr, hep, hrc, hrz—The static value of the short-circuit forward-current transfer 
ratio. 

hy, hyo, hye hye, hor, he, here, here—The small-signal short-circuit forward-current 
transfer ratio. 

ht, hr, hrc, hrz—The static value of the short-circuit input resistance. 

hi, hiv, hicy ies hi, hur, hitc, hite—The small-signal value of the short-circuit input 
impedance. 

ho, hos, hoc, hoz—The static value of the open-circuit output conductance. 

hoy hob, hoes hoes hea, hoop, hex, hoxe—The small-signal value of the open-circuit output 
admittance. 

hr, hep, hrc, hez—The static value of the open-circuit reverse-voltage transfer 

"ratio. 

hy, hed, Rrey Are, hiz, hie, hise, hige—The small-signal value of the open-circuit reverse- 
voltage transfer ratio. 

Izo, Iszo, Inco—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 
trode(s) is d-c open-circuited (to the reference electrode). 

Ins, Inxs, Incs—The base current when the base is biased in the reverse (high- 
resistance) direction with respect to the reference electrode, and the other elec- 
trode(s) is d-e short-circuited (to the reference electrode). 

Ico, Iczo, Tczo—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c open-circuited (to the reference electrode). 

Ics, Icus, Icas—The collector current when the collector is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c short-circuited (to the reference electrode). 

Ino, Izzo, Inco—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-e open-circuited (to the reference electrode). 

Tzs, Ieps, Incs—The emitter current when the emitter is biased in the reverse 
(high-resistance) direction with respect to the reference electrode, and the other 
electrode(s) is d-c short-circuited (to the reference electrode). 

r>—Resistance of the base branch of the low-frequency equivalent circuit shown 
in Fig. A-2. 

r-—Resistance of the collector branch of the low-frequency equivalent. circuit 
shown in Fig. A-2. 

r-—Resistance of the emitter branch of the low-frequency equivalent circuit shown 
in Fig. A-2. 

tm—The product of a and rz of the low-frequency equivalent circuit shown in 
Fig. A-2. 

ta—The ohmic delay time is the time interval between the rise of a pulse applied 
at the input terminals and the rise of the minority-carrier-generated pulse ap- 
pearing at the output terminals. 

ty—The storage time is the time interval between the fall of a pulse applied to the 
input terminals and the fall of the carrier-generated pulse at the output terminals. 

Vor, Vear, Var, Vupr, Veer, Viucr, Var, Veer, Vacr—The d-c open-circuit 
voltage (floating potential) between the electrode indicated by the first subscript 
and the reference electrode when the other electrode is biased in the reverse 
(high-resistance) direction with respect to the reference electrode. 

BV co, BV eno, BV cro, BV go, BV eno, BV rco, BV no, BV nyo, BVnco—The break« 
down voltage between the electrode indieated by the first subscript when it is 
biased in the reverse (high-resistance) direction with respect. to the reference 
electrode and the other electrode im Openecireuited, 


\ 
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Hf, fo, Mfey Mfe—The small-signal open-circuit forward-voltage transfer ratio. 

ry Mrby Mrey Mre—The small-signal open-circuit reverse-voltage transfer ratio. 

Mr, KrB, Mec, Ure—The static value of the open-circuit forward-voltage transfer 
ratio. > 

MR; HRB, URC, Kre—The static value of the open-circuit reverse-voltage transfer 
ratio. f ete 

Yi» Ysos Yser Yer Y21y Y21b) Y21ey Y2ie—The small-signal short-circuit forward transfer 
admittance. oe hse, ’ 

Yis Yibs Yies Yier Y11, Y11b, Y1tey Y11e—The small-signal short-circuit input admittance. 

Yo: Yobs Yors Yous Y225 Y22b, Y22c, Y2xe—The small-signal short-circuit output admittance. 

Yrs Yrbs Yrey Yres Yi2, Y12) Yi2e, Y12e—The small-signal short-circuit reverse transfer 
admittance. . oon 

fr Zfby ®foy 2foo, 221, 2216, Z21ce, Z21bcee—The small-signal open-circuit forward transfer 
impedance. ; atts F 

%iy 2iby Zioy Ziboy 211; 2110, Z11ce, Z11bce—The small-signal open-circuit input impedance, 

20) %ob Zoo; Zoboy 222, 222, 222ce, Z22bce—The small-signal open-circuit output impedance, 

@ry rb) 2roy Zrboy Z12; 212d, 212ce) 212be¢e—Lhe small-signal open-circuit reverse transfer 
impedance. ; — ; 

®fay 2fbs, Zfes, %fes—The small-signal short-circuit forward transfer impedance (the 
reciprocal of y,). be 

2isy Zibsy Zics, Zies —The small-signal short-circuit input impedance. 

208) Zobsy Zocsy 2oes—The small-signal short-circuit output impedance. 

2rsy Zrbs) 2rcs) 2res—The small-signal short-circuit reverse transfer impedance (the 


reciprocal of y;). 


INDEX 


ABRASIVE BLASTING, 312 
Abrasive cutting wheel, 308 
Abrasive lapping, 317 
Abrupt junction, 192 
equations for, 202 
Abuse, failures caused by, 611 
Accelerated aging, 616 
Acceleration tests, 440 
for point-contact transistors, 428 
Acceptance requirements, percentage 
meeting, 580 
Acceptance tests, for germanium di- 
oxide, 8 
Accuracy— 
of alpha measurements, 516 
of open-circuit measurements, 507 
Active filter, 510 
Active region, 489, 574 
characterization in, 492 
measurement in, 577 
Admittance—of collector, 229 
of emitter, 228 
measurement of, 529 
of triode, 211 
Advanced development of a hermeti- 
cally sealed point-contact transis- 
tor (Chapter 21), 427-448 
Aging, 611-614 
accelerated, 616 
curves of, 612, 619 
failures resulting from, 611 
Aging behavior, 612 
Aging characteristics of junction tran- 
sistors, 423 
Aging datw=presentation of, 618 
use in prediction, 621 
Aging slopes, 616 
Aging tenta, 178 
Alignment jig, 806, 808 


Alloyed-junction transistors (also see 
Junction transistors)— 
curves of noise figure for, 554, 555 
figure-of-merit for, 621 
Alloys for doping, 133 
Alpha (also see Amplification factor; 
Multiplication factor) — 
definition of, 214, 217 
dependence on germanium resistiv- 
ity, 258 
dependence on temperature, 405 
as determinant of frequency per- 
formance, 533 
equations for, 222, 483 
as function of frequency, 533 
measurement of, 297, 495, 514 
measurement of, at low frequencies, 
503 
measurement of, by null method, 516 
in multiple-junction devices, 253 
oscillograms of, 374 
precise measurement of, 515 
relation to frequency, 534 
use in determining performance, 535 
values of, in junctions, 255 
variation of, with emitter current, 
403 
Alpha characteristics—anomalies in, 
413 
curve tracer for, 585, 586 
versus emitter current, 583 
large-signal, 494 
point-to-point measurement of, 584 
Alpha cutoff frequency, 216 
moasurement of, 532 
Alpha enhancement, 231 
Alpha, intrinsic, 208, 214 
Alpha, oversall, 217, 229 
Alpha parameters, cumulative distri- 
bution of, 687 
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Alpha values in junction transistors, 
517 
Alpha versus frequency— 
circuit for measuring, 536, 542 
oscilloscope presentation of, 539 
Amplification factor (also see Alpha)— 
of collector, 214 
over-all, 217 
Amplifier, feedback, similarity to, 341 
Amplitude modulation, of swept fre- 
quency, 539 
Analysis—of lead movements, 443 
for rotating crystal, 87 
of transistor structures, 175 
Analysis, Cochran’s, 89 
Anomalies, 413-419 
Antimony, electroplating of, 321 
Apparatus (see also Equipment)— 
for chlorination, 51 
for continuous extraction, 59 
for distillation, 52 
for growing crystals, 69, 131, 136 
for lapping, 317, 318 
for magnetostrictive cutting, 311 
for measuring lifetime, 276, 277 
for measuring noise figure, 551, 552 
for measuring resistivity, 149 
for plating germanium, 321 
for potential profile measurement, 
150 
for reduction of germanium oxide, 
28 
for zone-leveling, 35, 36 
for zone-refining, 29, 30 
Appraisal of zone-leveling process, 48 
Arsenic, concentration of, 151, 152 
Arsenious chloride, removal of, 56 
Assembly—of cartridge transistor, 364 
in dry box, 385 
etching of, 357 
of transistor structure, 441 
Assembly apparatus (also see Equip- 
ment), 365 
Assembly, base and wafer, 430 
Assembly, emitter and collector, 338 
Assembly header, 348 
Assembly machine, 365 
Assembly, point-stem, 339 
Assembly tool, 865 
Assumptions in design theory, 185 


INDEX 


Attachment—of base lead, 332 
of electrodes, 362-380 
methods of, 362 
of ohmic contacts, 343, 344 
by soldering, 343 
Audio modulation, of swept frequency, 
539 
Avalanche breakdown, 201 
Avalanche effect, 224 
Average life, 619, 622 
Averaging for frequency discrimina- 
tion, 158 


Back CURRENT, 201 
Back voltage, 201 
of germanium, 15 
Backward drift current, 191 
Bandwidth, frequency, 159 
Barium titanate powder, 291 
Barrier, in diodes, 190-192 
Barrier, position of, 370 
Barrier capacitance, 193, 251, 255, 495 
Bars, measuring resistivity of, 270 
Base, design of, 432 
Base assembly, etching of, 435 
Base contact—design of, 433 
electrical requirements for, 433 
hole-emitting, 340 
Base layer—oscillogram of, 373 
properties of, 296 
Base lead, attachment of, 332 
Base lead, bonded, 370 
Base negative resistance, characteris- 
tie of, 592 
Base piece part, design of, 432 
Base resistance, 232 
characteristic of negative resistance, 
592 
dependence on germanium resistiv- 
ity, 256 
equation for, 233 
in a triode, 215 
Base and wafer assembly, 4380 
Basket, dipping, 358 
Bead unit, dimensions, 429 
Behavior characterization, 457 
Behavior due to aging, 612 
Bending jig for C-springs, 339 
Bending moment, 448 
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Bibliographies; at ends of chapters 
Black box representations, 504 
Blanks, shaped germanium, 304 
Blasting, abrasive, 312 
Boat—for zone leveling, 37 
graphite, for germanium dioxide, 28 
Bond, growth of, 376 
Bonded base lead, 370 
Bonded ohmic contacts, 331 
Bonding (see also Gold-bonding)— 
circuit for, 3878, 379 
with gold, 433 
jig for, 378 
methods of, 375 
results of, 380 
Bonding jig, 378 
Boundary, reflecting, 267 
Boundary operating conditions, con- 
sidered separately, 567 
Boundary operating conditions of junc- 
tion transistors, 566 
Breakdown, 201, 203 
avalanche, 201 
Breakdown diode, 600-603 
characteristic of, 600-601 
curve tracer for, 602-603 
Breakdown measurements, 294 
Breakdown voltage, 202 
Bridge measurements of capacitance, 
524 
Bridge measurements at low frequen- 
cies, 511 


CapaciTtaNce—of barrier, 251, 255 
in junction diode, 198 
measurement of, 294, 295, 524, 528 
of triode emitter, 213 

Capacitance check, circuit for, 527 

Capacitance measurement, 294, 295, 

524, 528 
Capacitance, storage, 199 
Capacitance values, of junction tran- 
sistors, 527, 528 
Capsulation (Chapter 19), 880-899, 
442 
of grown-junction transistors, 801 
of junetion photodeviees, 803 
of mounted transistors, 442 
Capaulation, hermetic, S88, 801 
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Capsulation, mechanical, 390 
Capsulation, plastic, 390, 393 
Capsulation requirements, 390 
Capsule, dimensions of, 396 
Carrier, for capsulation, 397 
Carrier density, 199 
in triodes, 211 
Carrier lifetime, 47, 48, 112, 151 
computation of, 279 
Carrier storage, large-signal, 201 
Carriers—density of, 199, 211 
generation of, 340 
lifetimes of, 47, 48, 112, 151 
Cartridge transistors, 338 
assembly of, 364 
dimensions of, 429 
parts of, 363 
protection of, against moisture and 
humidity, 386 
Characteristics (see also Characteriza- 
zation; Measurement; and _list- 
ings under various parameters) — 
affected by capsulation, 394 
affected by etching, 419 
affected by moisture, 382 
affected by motions of leads, 444 
anomalies in, 413 
of breakdown diodes, 600, 601 
of capsulating materials, 396 
of current-voltage relationships, 249 
of electrodes, 434 
of electron tubes, 463, 464. 
equations for, 476 
families of, 461 
after forming, 406 
before forming, 405 
of hook collector, 223 
measurement of, 179 
oscillograms of, 371, 373 
of phototransistors, 487 
of point-contact transistors, 428, 558 
range of, 471 
requirements on, 173 
of r-parameters, 458 
statistical deviations in, 471 
of transistor noise, 548 
of triodes, 209, 218 
turning points of, 690, 501 
Charactoriatics, alpha versus emitter 
current, 683 
Charncteriation, collector, 450 
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Characteristics, current-voltage, 193 
Characteristics, derived, 464 
Characteristics, distortion, for junc- 
tion transistors, 564 
Characteristics, dynamic, 372, 373 
Characteristics, emitter, 459 
Characteristics, feedback, 459 
Characteristics, forward, 459 
Characteristics, four-pole, 462 
Characteristics, input, 459 
Characteristics, large-signal, 491, 494, 
558, 573 
Characteristics, negative resistance, 588 
Characteristics, open-circuit stable, 588 
Characteristics, output, 459 
Characteristics, pre-forming, 420 
Characteristics, pulse, 573 
Characteristics, reverse diode, 203 
Characteristics, short-circuit stable, 
588 
Characteristics, small-signal, 367 
Characteristics, static, 370, 458, 504 
Characteristics, transfer, 467 
Characterization (also see Character- 
istics; Measurement; Perform- 
ance characterization)— 
in active region, 492 
of aging behavior, 615 
in circuit environments, 455 
in collector voltage cutoff region, 492 
in collector voltage saturation re- 
gion, 490 
of devices, 451 
effect of distortion on, 495 
effect. of frequency on, 495 
effect of noise on, 495 
by families, 461 
by figure-of-merit, 468 
with frequency, 460 
by frequency functions, 477 
of junction transistors, 495 
of phototransistors, 486 
of ohmic contact, 207 
by operating regions, 466 
of performance, 454 
principles of, 449, 478 
of reliability, 618 
reproducibility of, 470 
statistical nature of, 470 
symbols used in, 481, 500 
using transconductance, 478, 479 
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Characterization (continued) 
of transitions between regions, 493 

Characterization, four-pole, 478 

Characterization, large-signal perform- 
ance, 465, 489 

Characterization, mechanical, 452 

Characterization, open-circuit, 478 

Characterization principles (Part IV), 
449-605 

Characterization regions, 573 

Characterization, reliability, 452 

Characterization, short-circuit, 478, 
486 

Characterization, small-signal perform- 
ance, 456 

Characterization, steady-state, 457 

Charge carriers (see Carriers; Minor- 
ity carriers) 

Chemical etching, 350, 435 

Chemical protection, 389 

Chemical reclamation of germanium, 
50 

Chemical stability of point contacts, 
437 

Chisel-pointed wires, 337 

Chlorination of germanium, 51 

Chlorine, use in extraction, 56, 57 

Chuck for crystal seed, 138 

Circuit characterization, 455 

Circuit components, requirements for, 
537 

Circuit independence of terminations, 
217 

Circuit limit of failures, 612 

Circuit stage of development, 171 

Class A operation, 460 

Classification of transistor failures, 580 

Cleaning, 243, 319 

Closure, by welding, 392 

Cochran’s analysis, 89 

Coefficients, small-signal, 479, 480 

Collection, 187 

Collector admittance, 229 

Collector capacitance, curves of, 528 

Collector characteristics, 405, 406, 459, 
589 

Collector conductance, 219 

Collector contact, effect on voltage, 438 

Collector, contacts for, 833 

Collector currentanomalies in, 416 
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Collector current (continued) 
effect of, on noise figure, 556 
equation for multiplication of, 340 
oscillograms of, 371, 373 
Collector donor concentration, 414 
Collector, energy band of, 334 
Collector efficiency, 229, 568, 569 
as a function of load resistance, 570 
Collector, forming the, 230 
Collector, identification of, 322 
Collector impedance, measurement of, 
513 
Collector movement, effect on voltage, 
438 
Collector multiplication, 214, 220 
Collector negative resistance charac- 
teristic, 588 
Collector noise figure, 553 
Collector point impurity, effects of, 415 
Collector, p-n hook, 220 
Collector resistance, dependence on 
germanium resistivity, 258 
Collector voltage— 
dependence of, on resistivity, 259 
effect of, on noise figure, 556 
Collector voltage cutoff figure-of-merit, 
582 
Collector voltage cutoff region, 489, 
492, 574 
measurement in, 578 
Collector saturation current, values of, 
519 
Collector voltage saturation region, 
489, 574 
measurement in, 575 
Collector waveforms, 595 
Collision ionization, 224 
Collision multiplication, 201 
Component failures, classification of, 
611 
Component reliability, definition, 609 
Components for transistor circuits, 
537 
Composition, distribution coefficient of, 
81 
Compositional uniformity, 45 
Computation of carrier lifetime, 279 
Computed lifetimes, table of, 282 
Concentration-ol arsenie, 151, 152 
dependence of growth rate on, 78 
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Concentration (continued) 
of donors, 152 
at collector, 414 
in crystals, 142 
enhancement of, 99 
for finite growth rate, 82-96 
of gallium, 153 
gradient of, 82 
of heat, 122 
of impurities, 17, 64 
at or near interface, 44, 85, 90, 108 
measurement of, 75 
semiquantitative equations for, 84 
in solid, 104 
of solutes, 72 
curves of, 23 
equations for, 7, 18 
fluctuations in, 109 
ultimate, 23 
striations in, 113 
Concentration curves—for normal 
freezing, 19 
for SCO method, 27 
for zone-melting, 21 
for zone-refining, 24 
Conjugate emitter, 221 
Conservation of solute atoms, 83 
Considerations for design, 219 
Constant current—circuit for, 604 
measurement of, 596 
Constant-current diode, voltages for, 
599 
Constant voltage—circuit for, 604 
measurement of, 597 
Constant-voltage diode, voltages for, 
599 
Constants for solid germanium, 121 
Constitutional supercooling, 44 
Construction of semiconductor device, 
239 
Conditions for growing crystals, 184 
Conductance (also see g-parameters)— 
of collector, 219 
of diode, 196 
of rectifier, 196 
Conduetivity, control of, 68 
Conductivity measurements on ger- 
manium, 12 
Contnet, base, 488 
Contact, electron energion at, 401 
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Contact structure, C-spring, 439 
Contacts (see also Electrodes)— 
to collector or emitter, 333 
fabrication of, 375 
location of, 324 
properties of, 401 
soldering of, 345 
stability of, 487 
Contacts, bonded, 331 
Contacts and electrodes (Chapter 14), 
323-342 
Contacts, gold-bonded, 375 
Contacts, non-ohmic, requirements for, 
332 
Contacts, ohmic, 244, 323 
Contacts, point-pressure, 336 
Contacts, pressure point, 436 
Contacts, rectifying, 327 
Contacts, soldered, 244, 325, 327, 328, 
348, 345 
Contacts, welded, 331 
Contamination of crucible, 147 
Continuous extraction, 59 
Contour of temperature, 41 
Control (also see Control chart; Con- 
trolling )— 
of growth rate, 156 
of materials in growing crystals, 148 
of process, 472 
of quality, 183, 472 
of resistivity, in growing crystals, 
141 
of temperature, in growing crystals, 
157-162 
Control chart (also see Control; Con- 
trolling), 184 
for forming, 421 
for phototransistor, 522 
for programed crystals, 144 
Control limits, 184 
Control system for growing crystals, 
138 
Controlling conductivity, 68 
Controlling impurities, 66 
Controlling resistivity, 68, 141 
Controls, for growing crystals, 155-164 
Convection, 247 
heat losses through, 120 
Convection soldering, 347 
Cookie cutting, 310 
Copper-plating, 820 
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Corrosive flux, effects on formability, 
420 
CP4 etch, 354 
Creep, during capsulation, 397 
Criteria of performance, 610 
Crucible (for growing crystals), 131 
Crucible contamination, 147 
Crystal—mathematical model of, 275 
physical model of, 274 
Crystal contamination, 147 
Crystal dislocations, 43 
Crystal geometry, 139 
Crystal growing (also see Crystal pull- 
ing), 130-164 
apparatus and equipment for, 131, 
136, 137 
controls for, 138, 143, 155, 157 
doping in, 133, 144-146 
geometry of, 135, 139 
heat losses in, 120 
materials for, 132, 143 
programing and pulling rates for, 
136, 164 
Crystal growth, effect on distribution 
coefficient, 98 
Crystal growth, special problems of, 
112 
Crystal interface (see Interface) 
Crystal lattice, perfection of, 43 
Crystal pulling (also see Crystal grow- 
ing), 63-70, 130-164 
Crystal radioautographs, 114-116 
Crystal, single, 46, 63, 130 
containing a p-n junction, 67 
Crystallinity, single, 40 
Crystallization, fractional, 19, 97 
Crystals—analysis for rotating of, 87 
evaluation of, 148, 285 
junctions in, 67 
by pulling method, 63, 65-70 
radioautographs of, 114-116 
resistivity of, 148, 266 
single conductivity in, 141 
solute distribution in, 96 
striations in, 113, 116 
Crystals, germanium, 304 
C-spring—bending jig for, 339 
deflection of, 868 
electrodes for, 338 
structure of, 489 
C-type bends, deflection of, 868 
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Cumulative distribution (see Distribu- 

tion) 

Current—affected by humidity, 383 
anomalies in, at collector, 416 
effect of, on noise figure, 556 
during forming, 408 

Current amplification factor, 217 

Current, back, 201 

Current, diffusion, 191 

Current, drift, 191 

Current equilibrium, 191 

Current flow lines, 232 

Current gain, short-circuit, 485 
equation for, 497 

Current generator, equivalent, 483, 

496 

Current generator representation, 485 

Current, incremental, 222 

Current, leakage, 292 

Current multiplication, 220 
affected by forming, 405 

Current, saturation, 195 

Currents, as independent variables, 

458 
Current-voltage characteristics, 1938, 
249 
of junction transistors, 559 
of point-contact transistors, 558 
shape of, 195 
Current-voltage large-signal charac- 
teristics, 558 
Current-voltage relationships, 457 
Curve plotter for static characteristics, 
505 
Curve tracer—for alpha characteristic, 
585, 586 
for breakdown diodes, 602, 603 

Cutoff frequency, measurement of, 531 

Cutoff frequency, of a triode, 216 

Cutoff region, 574 

Cutting (see also Shaping), 303-318 

Cutting, abrasive, 308 

Cutting germanium, 305 

Cutting, liquid hone method, 313 

Cutting, magnetostrictive, 310 

Cutting wheels, 808, 809 


D-C measunmmen rs, 675 
of breakdown diodes, 608 
of collector voltage, 578 
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Definitions of semiconductor terms 
(Appendix I), 623-627 
Deflection, curves of, 368 
Degradation resulting from solder flux, 
420 
Delay time, measurement of, 598 
Delay times, cumulative distribution 
of, 600 
Density—of carriers in triodes, 211 
of charge carriers, 199 
of etch pits, 47 
Derivation of equivalent circuit, 218 
Derived characteristics, 464 
Design considerations, 219 
Design of devices, 173 
Design problems, 451 
Design relationships, 177 
Design of structure for a point-con- 
tact transistor, 427-443 
Design theory of transistors (Chap+ 
ter 10), 182-237 
assumptions in, 185 
conclusions for, 234 
for controlling properties, 184 
of diode performance, 190 
methods used in, 185 
summary of, 182, 234 
usefulness of, 182 
Design variables, 176 
Development, 167-181 
analysis and breakdown of, 180 
essential stages of, 168, 169 
of a point-contact transistor, 427+ 
488 
principles of, 167 
Development results, 180 
Development phases, diagram of, 174 
Deviation, standard, 471 
Device behavior, 457 
Device characterization (also see Chit 
acteristics; Characterization; 
Measurement), 451, 454 
Device construction, 239 
Device design, outline of, 178 
Device fabrication (Chapter 11), 288 
outline of, 173 
principles of (Part IIT), 165-448 
Device development, principles of, 
107-160 
ordinal atages of, 171 
Eevee, performance characterivation, 
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Device processing, 239 
Device stage of development, 171 
Device testing, 173 
Devices—capsulation of, 391 
measurement of, 301 
Diagram—of development phases, 174 
of junction transistor, 186 
of research stages, 168 
of temperature control system, 160 
Diamond powder, 291 
Diamond saw, 307 
Dice—etching of, 357 
measuring resistivity of, 271, 272 
Dice, germanium, 305 
Dielectric dust, 374 
Dies, magnetostrictive, 312 
Diffusion coefficient, effect of turbu- 
lence on, 94 
Diffusion coefficients, table of, 93 
Diffusion current, 191 
Diffusion, equation for, 215 
Diffusion layer—dependence of, on 
rotation rate, 92 
thickness of, 90 
Diffusive region, variation in, 415 
Diode—characteristics of, 193, 419, 
600, 601 
currents in, 191 
curves of humidity effects on, 384 
electronic functions of, 188-209 
energy diagram of, 194 
evaluation of, for circuit uses, 604 
measurement of, 522 
properties of, 208 
saturation current of, 195 
surface effects of, 206 
voltages for, 509 
Diode action, 188, 208 
Diode characteristics, affected by etch- 
ing, 419 
Diode constant current, measurement 
of, 596 
Diode constant voltage, measurement 
of, 597 
Diode curve tracer, 602, 603 
Diode end effects, 206 
Diode impedance, circuit for measur- 
ing, 523 
Diode, junction, electronic functions 
of, 188 
Diode performance, design theory of, 
190 
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Diode, phototransistor, equivalent cir- 
cuit of, 204 
Diode, planar, 188 
Diode, point-contact, 227 
Diode reactance, 197 
Diode rectification, 189 
Diode, voltage-limiting, 202 
Dipping basket, 358 
Direct current measurements (also see 
D-C measurements), 575, 578, 603 
Directional solidification, 7 
Discrimination, frequency, 158 
Dissipation, of heat, 248 
Distillation of germanium tetrachlo- 
ride, 51-54 
Dislocation in crystals, 43 
Disordered material, 352 
Disordered surface layers, 353 
Distortion—in characterization, 495 
measurement of, 561 
in transistors, 558 
Distortion characteristics of junction 
transistors, 564 
Distortion, large-signal, 559 
Distortion, low-frequency, 562 
Distortion, lumped, 561 
Distortion-measuring apparatus, 562 
Distortion-power output relationships 
of point-contact transistors, 563 
Distribution—of alpha parameters, 587 
of characteristics, 471 
of measurements, 579 
of solute elements, 71, 107 
affected by velocity of growth, 86 
of solutes in zone-refining, 22 
of storage delay times, 600 
of temperature at interface, 122, 123 
under transient conditions, 107 
of trigger voltages, 598 
Distribution coefficient— 
of composition, 81 
definition of, 17 
dependence of, on growth, 98-101 
of germanium, 80 
of impurities, 8 
measurement of, 76, 77 
of solute elements, 80 
Distribution coefficient, equilibrium, 738 
Distribution of elements in steady- 
state growth, 71 
Distribution, striated, 118 
radioautograph of, 117 
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Distribution, transient, 107 
Distribution, uniform, 101 
Donor concentration, 152 
at collector, 414 
equations for, 143 
in grown crystals, 142 
Donor impurities, their effect on form- 
ing, 406 
Doping, 38, 66, 111, 145-148, 326 
alloys for, 133 
contamination from, 148 
for junctions, 145, 146 
solute concentration from, 111 
of surface layer, 326 
in zone-leveling, 38 
Doping alloy, impurities in, 148 
Doping curve for resistivity, 144 
Doping interval, 155 
Doping precautions, 147 
Drift current, 191 
Drift field, low, 413 
Drift mobility, 79 
Dry box, use of, 385 
Dust, dielectric, 374 
Dynamic characteristics, 372, 373 
Dynamic measurement of breakdown 
diodes, 603 


Erriciency—affected by operating 
limits, 567 
of collector and emitter, 228, 229 
as a function of collector current, 
569 
as a function of resistance ratios, 
568 
of transistors, 565 
of triode emitter, 212 
Electrical characteristics of electrodes, 
434 
Electrical forming (also see Forming), 
226, 245, 400 
Electrical processing (also see Form- 
ing), 226, 245, 400 
Electrical processing (Chapter 20), 
400-426 
Blectrical stability (see Stability) 
Electrode (see also Contact) 
Blectrode attachment, final (Chapter 
17), 862-880 
Elootrode, bane, 488 
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Electrode, C-spring, 338 
Electrode etching, 360 
Electrode, gold-bonded, 331, 377 
Electrode material, 248, 329, 336 
Electrode, non-ohmic, 363 
Electrode shapes, 360 
Electrode, soldered, 328, 329 
Electrode wires, 326, 337 
Electrodes (see also Contacts)— 
attachment of, 248, 362 
characteristics of, 434 
fabrication of, 335, 337, 375 
materials for, 248, 329, 336 
requirements for, 323 
selection of materials for, 261 
spring shapes for, 335 
wire for, 326, 337 
Electrolytic etching, 359, 360 
to locate junction, 287 
Electron energies, at a contact, 401 
Electron lifetime (also see Lifetime), 
273 
Electron mobility (also see Mobility), 
79 


Electron tube characteristics, 463, 404 
Electronic functions—descriptive sume« 
mary of, 186 
of planar p-n diode, 188-209 
of planar n-p-n junction triode, 
209-220 
Electroplating, 320 
equipment for, 289 
to locate junction, 288 
Emission, 187 
Emitter—contacts for, 333 
identification of, 322 
in triode, 211 
Emitter admittance, 228 
Emitter characteristics, 459 
measurement of, 589 
of triode, 213 
Emitter contact, energy band of, 838 
Emitter current—its effect on alpha, 
403 
oscillograms of, 871, 378 
Emitter efficiency, 228 
relation to frequency, 534 
Wmitter negative resistance characters 
istic, 588 
Emitter noise figure, 553 
Timittor rowlstance, dependence on 
germanium rowlntivity, 267 
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Emitter structure, conjugate, 221 
Encapsulation (see Capsulation) 
End effects in diodes, 206 
Ends, shaping of, 437 
Energy band, 327 
of emitter contact, 333 
of n-p-n hook collector, 334 
Energy diagram of junction diode, 194 
Enhancement of alpha, 231 
Environmental variables, 177, 453 
Equations (see the various quantities 
for which equations are desired) 
Equations, terminal, 457 
Equilibrium currents, in diodes, 191 
Equilibrium distribution coefficient, 73 
Equilibrium distribution, as function 
of growth velocity, 87 
Equilibrium failure rates, 613 
Equilibrium freezing, 7 
Equilibrium phase diagrams, 75 
Equipment (see also Apparatus)— 
for convection soldering, 347 
for electroplating, 289 
for etching, 358 
for growing crystals, 69, 137 
for measuring alpha, 298 
for measuring lifetime, 275, 298 
for plotting curves, 505 
for potential probe junction meas- 
urement, 293 
for reduction of germanium dioxide, 
28 
for zone leveling, 35, 36 
for zone refining, 29, 30 
Equivalent circuit—for admittance 
measurements, 529 
deriving an, 218 
for grounded-base connection, 482, 
496, 533 
for grounded-emitter connection, 
484, 485, 498 
for phototransistor, 520 
for transistor, 482 
Equivalent current generator, 485, 496 
Equivalent representations of transis- 
tors, 532 
Equivalent 7 representations, 504 
Equivalent voltage generator, 484 
Errors in measuring four-pole 7’s, 507 
Estimating failure rates, 616 
Etch pits, density of, 47 
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Etch solutions, their compositions and 
properties, 354 
Etchant, formula for, 435 
Etched surface, 355 
Etching—of assemblies or dice, 357 
effects of, on diode characteristics, 
419 
of electrodes, 360 
by immersion, 358 
of junction bars, 357, 359 
to locate junction, 286, 287 
time required for, 316 
Etching, chemical, 350, 435 
Etching, electrolytic, 359, 360 
Etching equipment, 358, 360 
Etching procedures, 356 
Etching set-up, diagram of, 287 
Etching solutions, 354 
Etching, stream, 359, 360 
Etching surface layers, 353 
Eutectic, gold-germanium, 377 
Evaluation (see also Measurement)— 
of base layer, 296 
of crystals, 148, 285 
of diodes for circuit uses, 604 
of junction properties, 294 
of lifetime, 281 
by use of manipulator, 283 
of materials, 264, 265, 283 
of multiple-conductivity material, 
284 
parameters for, 285 
of transistor reliability, 614 
Excess noise, 544, 547 
Exhaustion layer, 192 
Expansion, of germanium, 64 
Experimentation, statistical, 234 
External leads, motions of, 444 
Extraction, continuous, 59 3 
Extraction, multiple, equations for, 56 
Extractive methods of purification, 55 


FaBRICATION— 
capsulation as a step in, 442 
of contacts, 380, 335 
design problems in, 451 
of devices, 178 
of electrodes, 885, 837, 875 
flow chart for, 851 
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Fabrication (continued) 
of ohmic contacts, 325 
principles of, 165, 238 
steps in, 241 
Fabrication chart, for point-contact 
transistor, 431 
Fabrication flow chart, 240, 241 
Fabrication principles (Part III), 165- 
448; and (Chapter 11), 238-263 
Fabrication, trial, 300 
Factors affecting alpha, 534 
Factors affecting electrical forming, 
411 
Families of characteristics, 461 
Failure, catastrophic, 611 
Failure limits, 617 
Failure rates, 611, 612, 616 
Failure, sudden, 615 
Failures—through abuse or aging, 611 
classification of, 580, 611 
predictability of, 611 
protection against, 614 
Feedback admittance, measurement of, 
530 
Feedback amplifier, similarity to, 341 
Feedback characteristics, 459, 462 
Fermi level, 327 
at a contact, 401 
Figure, noise (also see Noise figure), 
547 
Figure-of-merit, 455 
for alloyed-junction transistors, 621 
for collector voltage cutoff, 582 
for formed transistors, 420 
in performance characterization, 468 
for reliability, 620 
Figure-of-merit tests, 469 
Filament transistor, shaped blank for, 
304 
Filter, cireuit for, 510 
Final electrode attachment (Chapter 
17), 3862-3880 
Final surface treatment (Chapter 18), 
381-3888 
Finite growth rate, concentration for, 
82-06 
Flow charte-for fabrieation, 240, 241 
of fabrication #tepa, 851 
for pointecontact fabrication, aul 
Flow lines, current, 22 
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Fluctuations—in concentration of 
solutes, 109 
effect of, on distribution, 107 
in growth rate and position of in- 
terface, 129 
of temperature, 126, 127 
Fluid flow—at crystal interface, 83 
equations for velocity of, 89 
patterns of, 88 
Flux, effects on formability, 420 
Force, point-contact, 366 
Force, curves of, 367, 368 
Forces on leads, 444-446 
Form of capsules, 395 
Formability, 419, 420 
Formed collector, 230 
Formed point-contact, reverse current 
of, 412 
Forming, electrical, 226, 245, 400 
affected by surface properties, 418 
anomalies in, 413 
circuit for, 408 
definition of, 400 
effect on collector characteristics 
and current multiplication, 405 
effects of, 233 
factors affecting, 411 
frequency cutoff in, 417 
objectives of, 407, 410 
in presence of donor impurities, 406 
techniques of, 407 
voltage and current during, 408 
Forming, one-shot, 409 
Forming, Sittner’s hypothesis of, 884 
Forming time constant, effect of, 415 
Forward characteristics, 459 
Forward diffusion current, 191 
Forward transfer admittance, measure= 
ment of, 530 
Forward transfer characteristic, 462 
Four-point probes for resistivity, 267- 
269 
Four-point resistivity measurement, 
149 
lour-pole admittances, measurement 
of, 518 
lourspole characteristics, 462 
Vourspole openscireuit r’s, 578 
Fourepole relationships, 457, 498 
Fourepole  reprenentatione« 
With alpha approximately unity, 484 
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Four-pole representation (continued) 
with alpha greater than unity, 478 
short-circuit representation, 486 

Four-pole r’s, measurement at low 

frequencies, 503-506 

Fractional crystallization, 19 

Freezing phases, 74 

Freezing, solute distribution in, 16 

Frequency— 
effects on characterization, 495 
effects on noise figure, 555 

Frequency bandwidth, in control sys- 

tem, 159 
Frequency. characterization, 575 
Frequency cutoff—in forming, 417 
measurement of, 541 
Frequency discrimination, by aver- 
aging, 158 

Frequency functions, in characteriza- 
tion, 477 

Frequency limitations, 495 

Frequency performance, determination 
of, 535 

Frequency-variation parameters, 533 

Functional relationships, 176 
in triodes, 210 

Functions, of base, emitter, and col- 

lector, 187 
Functions, elementary electronic, 185- 
187 


GAIN-POWER OUTPUT RELATIONSHIPS 
OF POINT-CONTACT TRANSISTORS, 
563 
Gallium, concentration of, 153 
Generation of holes and of minority 
carriers, 340-341 
Generator, noise, 544, 548 
Generator, swept frequency, require- 
ments, 540 
Geometry—of grown crystals, 135, 139 
of p-n hook, 404 

Germanite ore, 4 

Germanium—back voltage of, 15 
conductivity type of, 12 
evaluation of, 265 
expansion of, 64 
measuring resistivity of, 10 
for multiple-junction devices, 253 
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Germanium (continued) 
for phototransistors, 252 
plating of, 320 
for point-contact devices, 256 
purification of, 3-8, 20-25, 55-60 
reclamation of, 50-60 
resistivity of, 12, 53-58 
sawing, shaping, and slicing of, 305 
selection of, 249, 253, 256 
soldering to, 346 
sources of, 5 
for switching transistors, 260 
thermal constants for, 121 
for use in transistors, 63 
Germanium bar—radioautograph of, 
117 
zone-refined, 31 
Germanium blanks, shaped, 304 
Germanium conductivity types, 12 
Germanium crystals (also see Ger- 
manium single crystals), 304 
evaluation of, 285 
models of, 274, 275 
Germanium dice, 305 
Germanium diode characteristics, 
affected by etching, 419 
Germanium dioxide, 5-9 
reduction of, 3, 6, 28 
tests for acceptance of, 8 
Germanium etched surface, 355 
Germanium ingot, measuring resistiv- 
ity of, 10 
Germanium materials, technology of 
(Part I), 1-60 
Germanium, plated, 345 
Germanium, polycrystalline, 63 
Germanium sawing, shaping, and slic- 
ing, 305 
Germanium single crystals, prepara- 
tion of (Chapters 4 and 7), 63-70, 
130-154 
Germanium slab, 305 
Germanium technology (Chapter 1), 
5-15 
Germanium test ingots, 9 
Germanium tetrachloride, 4, 5 
distillation of, 51, 52 
Germanium wafer, topography of, 431 
Glimp (a gluey impregnant), 247 
use as coating, filling, or potting 
compound, 886 
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Gold-bonded contacts, 331, 375 
Gold-bonding, 376, 378, 379 
results of, 380 
of wafer to base, 433 
Gold-germanium eutectic, 377 
g-parameters, 499 
values in junction transistors, 518 
Graded junction, 192 
equations for, 202 
Gradients—of concentration, 82 
of temperature, 124 
Graphite boat for germanium di- 
oxide, 28 
Grounded-base circuit, noise figure 
for, 557 
Grounded-base equivalent circuit, 482, 
496 
Grounded-base transistors, equivalent 
circuits, 533 
Grounded-collector circuit, noise figure 
for, 558 
Grounded-emitter circuit, noise figure 
for, 557 
Grounded-emitter equivalent circuit, 
484, 485, 498 
Grounded-emitter, measurement of 7’s 
in, 509 
Grounded-emitter short-circuit current 
gain, 485 
Growing crystals, 63, 130-164 
apparatus and equipment for, 69, 
186, 137 
controls for, 188, 148, 155, 157 
doping in, 133, 144-146 
geometry of, 135, 139 
materials for, 132, 148 
programing and pulling rates for, 
136, 164 
Grown junction, transient problems in, 
110 
Grown-junction crystals, 67 
Grown-junction transistors— 
capsulation of, 891, 892 
curves of noise figures for, 554 
process yields of, 519 
Growth—of bond, 876 
effect of, on distribution coefficient, 
98 
of junction eryataly, 110 
of nepen atructure, 168 
special problema of, 112 
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Growth conditions, calculation of, 101, 
102 
Growth rate—control of, 156 
dependence of, on temperature fluc- 
tuations, 126 
effect of, on diffusion, 91 
on distribution, 78 
on temperature distribution, 125 
fluctuations in, 129 
variation of, 103, 105 
Growth rate, finite, 82 
Growth velocity, effect on distribution, 
86 


HALL Mosiuity, 79 
Hand lapping, 317 
Hard breakdown, 208 
Header assembly, 348 
Header, measuring motions of, 447 
Header, of point-contact transistor, 444 
Header, for transistors, 429 
Heat— 
concentration of, at interface, 122 
conduction and dissipation of, 248 
losses of, in crystal-growing, 120 
Heat bonding, 331 
Heat, radiation, 248 
Hermetic capsulation, 391 
Hermetic sealing, 348, 388, 427 
High-frequency admittance, measure- 
ment of, 530 
High-impedance devices, measuring 1’8 
of, 508 
High-temperature pre-aging, 423 
Hole mobility, 79 
Hole-emitting base contact, 340 
Hole generation, 341 
Hole lifetimes, measurement of, 278 
Homogeneity of melt, 111 
Hone cutting, 318 
Honing, mask for, 314 
Hook collector, 220 
dee characteristic of, 228 
energy band of, 884 
impedance of, 228 
Hlumiditye-effects of, 247, 882-384 
protecting against, 886 
Ilydrochlorio acid, in extraction, 56 
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IDENTIFICATION OF COLLECTOR AND 
EMITTER, 322 
Immersant, 358 
Impedance—affected by humidity, 384 
circuit for testing, 361 
of p-n hook collector, 223 
measurement of, 523 
test for, 361 
Impregnant, gluey (glimp), 247, 386 
Impregnation—effect of, on turn-off 
time, 423 
purposes of, 443 
Impurities—concentration of, 17, 64 
controlling amounts of, 66 
distribution coefficient of, 8 
effect of, on forming, 406 
mixing of, 156 
in zone-leveling, 38 
Impurity of collector point, effects of, 
415 
Impurity content in doping alloy, 148 
Incremental current, 222 
Incremental slopes of static character- 
istics, 480 
Inductive plating, 290 
Influence of rotation rate on crystal 
growing, 100 
Ingot, radioautograph of, 114 
Ingots of germanium, for tests, 9 
Ingots, single-crystal, 46 
Inhomogeneities in solute concentra- 
tion, 113 
Injection of minority carriers, 402 
Input characteristics, 459, 462 
Input impedance, measurement of, 512 
Input resistance characteristic for 
switching transistors, 580 
Input resistance, measurement of, 512, 
575 
Interface—concentration at, during 
doping, 111 
concentration near, 85, 90 
fluctuations in position, 129 
fluid flow at, 83 
solid-liquid state of, 73 
solute concentration at, 108 
temperature distribution near, 119, 
122 
temperature fluctuations near, 127 
Intermediate layers, soldering to, 344 
Intermediate surface treatment (Chap- 
ter 16), 350-861 
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Interval of replacement, 622 

Intrinsic alpha, 208, 214 

Ionization by collision, 224 

IRE definitions of semiconductor terms 
(Appendix I), 623-627 

IRE standards on letter symbols for 
semiconductor devices (Appendix 
II), 628-633 


Jic—for alignment during capsulation, 
398 
for bending C-springs, 339 
for gold-bonding, 378 
for mounting junction slices, 306 
for soldering, 348 
Junction (also see Alloyed junction; 
Grown junction)— 
energy diagram of, 194 
location of, 264, 286-293, 369-374 
measurement of, 293 
in pulled crystals, 67 
Junction, abrupt, 192 
equations for, 202 
Junction bars; 304 
etching of, 357, 359 
single-crystal type of, 253 
soldering equipment for, 347 
Junction capacitance, 198 
Junction crystals—doping for, 145, 146 
transient problems in, 110 
Junction device, material for, 249 
Junction diode, electronic functions of, 
188 
Junction, graded, 192 
equations for, 202 
Junction impedance, test for, 361 
Junction location, 264, 288-293, 369- 
372, 374 
by etching, 286 
Junction pair, n-p-n, 221 
Junction, partial, 292 
Junction photodevices, capsulation of, 
393 
Junction phototransistor process yields, 
522 
Junction probe, 293 
Junction properties, evaluation of, 
204 ; 
Junetion slab, 805 
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Junction transistors—aging and pre- 
aging of, 423 
boundary operating conditions for, 
566 
before capsulation, 392 
capacitance of, 524, 527, 528 
characterization of, 495, 559, 564 
current-voltage characteristics of, 
559 
curves of humidity effects in, 383 
diagrams and equivalent circuits of, 
186, 209 
distortion characteristics of, 564 
figures-of-merit for, 621 
measurement of, 517 
noise and noise figures for, 544, 551, 
554, 556 
parameters for, 253, 254, 518 
protection against moisture and 
humidity, 387 
table of process yields, 519 
Junction triode, electronic functions of, 
209-220 
Junctions, separation between, 296 
Junctions, transition in, 251 


KovaR WIRE, 329 


LABORATORY STUDY OF MATERIAL, 300 

Lapping, 317, 318 

Large-signal alpha characteristic, 494 

Large-signal carrier storage, 201 

Large-signal characteristics of point- 
contact transistors, 558 

Large-signal characterization, 465, 489 

Large-signal distortion, 559 

Large-signal measurements, principles 
of, 573 

Large-signal performance characteri- 
zation, 465, 489 

Large-signal static characteristics, 490 

Lateral forces, on leads, 446 

Lattice, eryatal, 48 

Layer, exhaustion, 192 

Layers, intermediate, dd 

Leads, attachment of, 42 
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Leads, forces on, 444, 446 
Leads, motions of, 443-447 
Leakage current, 292 
Letter symbols for semiconductor de- 
vices (Appendix IT), 628-633 
Level, Fermi, 327 
at a contact, 401 
Life: average, median, standard devia- 
tion of, and useful length of, 619- 
622 
Lifetime of charge carriers—computa- 
tion and evaluation of, 279, 281 
as function of distance, 40 
measured on radioautograph, 118 
measurement of, 264, 273, 277, 278, 
298 
of minority carriers, 47, 151 
values of, 280 
Lifetime measurements, 264, 273-282, 
298 
Lifetimes—of current carriers, 112 
curves of, 40 
table of, 282 
Limits, 473 
of deviations, 471 
of failures, 612 
by specification, 617 
Limits, control, 184 
Limits, operating, 567 
Limits, statistical, of deviations, 471 
Lineage, 140 
Linearization of small-signal problems, 
475 
Liquid-hone cutting, 313 
Liquidus, curve of, 73 
Location of contacts or electrodes, 324 
Location of junction, 264, 288-293, 
369-372, 374 
by etching, 286 
Longitudinal forces on leads, 444, 445 
Low-frequency bridge measurements, 
511, 524 
Low-frequency distortion, 562 
measurement of, 562 
Low-frequency measurements, 508, 575 
Lowseimpedance devices, measuring r’s 
of, 506 
Low drift fleld, 418 
Loweyleld processes, 474 
Lumped distortion, 501 
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Macuine—for crystal growing, 69 
for lapping, 318 
for magnetostrictive cutting, 311 
Macro perfectioi of crystals, 47 
Magnetostrictior, cutting by, 310-312 
Maintenance, pieventive, 613 
Manipulator forevaluation of material, 
283 
Manufacturing, design problems in, 
451 
Manufacturing imit of failures, 612 
Mask for liquid honing, 314 
Masking for etching, 356 
Material—for capsulation, 395 
for electrodes, 243, 261, 329, 336 
evaluation of, 265, 283 
for growing germanium crystals, 132 
laboratory stuly of, 300 
measurement of properties of, 264- 
302 
multiple-conductivity types of, 284- 
301 
selection of, 215 
single-conduct.vity types of, 265-284 
Material, disordered, 352 
Material, point, 243 
Material properties, 245 
Mathematical model for lifetime meas- 
urement, 275 
Measured thickress of p-layer, 163 
Measurement (iee also Characteriza- 
tion; Evaliation)— 
in active region, 577 
of admittance 529 
of alpha, 297, 514 
of alpha chamcteristic, 584 
of alpha cutof frequency, 532 
of alpha versus frequency, 536, 542 
of base layer, 297 
of capacitance, 295, 524, 528 
of characterisiics, 179 
of collector cu:rent and voltage, 519, 
575-578 
of conductivit7 type, 12 
of cutoff frequency in point-contact 
transistors, 531 
of devices, 301 
of diodes, 522, 596, 597, 603 
of distortion, 561 
of distribution coefficient, 76, 77 
of electron lifetime, 273 
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Measurement (continued) 
of frequency cutoff, 541 
of header motions, 447 
of high-impedance transistors, 508 
of hole lifetime, 273 
of input impedance and resistance, 
512, 575 
of junction properties, 293, 294 
of junction transistors, 517 
of large-signal characteristics, 573 
of lifetime, 273, 278 
at low frequencies, 503, 511 
of multiple-conductivity material, 
284 
of negative resistance characteris- 
tics, 588 
of noise figure, 550 
of optical alpha, 297 
of output characteristics and resis- 
tance, 576 
of photocells and phototransistors, 
520, 521 
principles of, 274 
of pulse characteristics, 573 
of rectification, 13 
of resistive parameters, 579 
of resistivity, 10, 11, 31, 118, 149, 
264-272 
of rise time, 595 
of r’s in grounded-emitter circuits, 
509 
of saturation current, 519 
of small-signal parameters, 501 
of starting materials, 264-302 
of static characteristics, 576 
of storage delay time, 598 
of transfer characteristics, 583 
of transient behavior, 594 
of transistor efficiency, 570 
of trigger, 595 
of turning points, 591 
of y-parameters, 528, 529 
Measurement principles, 274 
Measurements, low-frequency bridge, 
524 
Measurements, manipulator, 283 
Measurements, Q-meter, 525 
Measurements, radio-frequency substi- 
tution bridge 524 
Measurements, thermoelectric, 13 


Measuring concentrations of solutes, 75 — 


he 








INDEX 


Measuring equipment, schematic dia- 
gram of, 276 
Measuring lifetimes, equipment for, 
275 
Mechanical capsulation, 390 
Mechanical characterization, defini- 
tion of, 452 
Mechanical operations in fabrication, 
242 
Mechanical protection, 389 
Mechanical shaping, 303 
Mechanical shock, effects of, 440 
Mechanical stability (also see Stabil- 
ity )— 
of C-spring structure, 439 
of point contacts, 437 
Mechanical structure—selection of, 245 
types of, illustrated, 246 
Mechanical tests for point-contact 
transistors, 428 
Median life, 619 
Melt, homogeneity of, 111 
Melting phases, 74 
Merit, figure of (see Figure-of-merit) 
Mesh equations for voltages, 496 
Metals, table of viscosities of, 95 
Methods (also see Procedures; Tech- 
niques) 
Methods—of design theory, 185 
of forming, 407 
of measurement (see Measurement) 
of soldering to germanium, 348 
Micro perfection of crystals, 47 
Micromanipulator, 283 
Minority carriers—generation of, 340 
injection of, 402 
lifetimes of, 48, 151 
storage of, 200 
Microphonic noise, 440 
Mixing of impurities in growing crys- 
tals, 156 
Mobility of holes and electrons, 79 
Model for lifetime measurements, 274, 
275 
Model for point-contact transistor, 402 
Modulation of swept frequency, 539 
Moisture 
its effect on characterisation, 882 
protecting against, S8o 
Mold for eapaulation, 807 
Moment of bending, 448 
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Motions and movements of leads, 443- 
448 

Mounting for shaping operations, 305 

Multiple-conductivity material, evalua- 
tion of, 284 

Multiple-junction devices, germanium 
for, 253 

Multiple zone-refining, 21, 22 

Multiplication of collector current, 
equation, 340 

Multiplication by collision, 201 

Multiplication factor of collector, 214 

Multiplying collector, 221 


NEGATIVE FEEDBACK, 565 
Negative resistance characteristics, 588 
Negative resistance regions, 413 
anomalies in, 416 
Noise characteristics, 548 
Noise, effects of, on characterization, 
495 
Noise figure, 549-558 
apparatus for measurement of, 551, 
552 
calculation of, 552 
curves of, 554-556 
equations for, 557 
as a function of frequency, 553-555 
of junction transistors, 554-556 
variation in, 553 
Noise, microphonic, 440 
Noise in transistors (also see Noise 
figure), 543-558 
calculation of noise figure, 552-558 
characteristics of noise, 548 
major sources of noise, 544 
specification of noise performance, 
547 
theoretical concepts of noise, 544 
Non-ohmie contacts, 3832-340 
Non-ohmie electrodes, 363 
Normal freezing, solute distribution in, 
16 
nepen hook collector, energy band of, 
384 
repr junction pair, 221 
Nepen atructures, growth of, 163 
netype region, in formed collector, 2380 
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Nucleation, 45, 140 
Null method of measuring alpha, 516 
517 


2 


Oxssectives—of capsulation, 389 
of forming, 407, 410 
of ohmic contacts, 343 
of zone-leveling, 39 
Ohmic contacts, 323-328, 329-332, 
843-349 
attachment of, 343 
characterization of, 207 
fabrication of, 325 
requirements for, 323 
soldering of, 344, 346 
Ohmic contacts, soldered, 329 
One-shot forming, 409 
Open-circuit relationships, 498 
Open-circuit representation, 478 
Open-circuit resistances, 458-459 
Open-cireuit r’s, 578 
Open-circuit stable characteristics, 590 
diagram for measuring, 590 
Operating conditions, junction transis- 
tors, 566 
Operating limits, effects of, on effi- 
ciency, 567 
Operating regions in characterization, 
466 
Operation, class A, 460 
Operation—of crystal-growing equip- 
ment, 140 
of soldering equipment, 348 
Operations, mechanical, in fabrication, 
242 
Optical alpha, measurement and _ re- 
sponse of, 297-299 
Optical transmission, measured on 
radioautograph, 118 
Orders of device development, 168, 169 
Ordinal stages of device development, 
171 
Orientation—of photodiode, 394 
of phototransistor, 396 
Oscillograms—of alpha, 374 
of alpha versus frequency, 539 
of characteristics, 371, 873, 374 
Outline of procedure for device devel- 
opment, 173 
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Output characteristics, 459, 462 
anomalies in, 416 
measurement of, 576 
of phototransistors, 487 
Output characteristics, large-signal, 
491 
Output resistance, measurement of, 
576 
Output resistance characteristics for 
switching transistors, 581 
Oxygen as filler, 388 
Ozokerite wax in capsulation, 396 


ParAMETERS (also see the listings 
under the individual quantities 
and variables) — 

for evaluation of multiple-conduc- 
tivity material, 285 

for multiple-junction devices, 253, 
254 

for shaping, 315 

symbols for, 500, 628 

Parameters, four-pole terminal, 457 

Parameters, high-impedance, measure- 
ment of, 508 

Parameters, small-signal, 481 

measurement of, 501 

Partition noise, 544, 546 

Patterns of fluid flow, 88 

Peak back voltage of germanium, 15 

Peak turning point of characteristics, 
591 

Perfection of crystal lattice, 43 

Performance— 

of crystal-growing machine, 162 
definition of, 182 

design theory of, 183 

of temperature control system, 161 

Performance characteristics, range of, 
610 

Performance characterization (Part 
IV), 449-605 

definition of, 452 

by families of characteristics, 461 
by figure-of-merit, 468 
principles of, 478 

reproducibility of, 470 

Performance characterization, large 
signal, 465 


ae, 


| 
/ 
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Performance characterization, small- 
signal, 456 
Performance criteria, 610 
Performance, factors affecting, 535 
Performance, noise, 547 
Performance, steady-state, 457 
Phases of device development, 168-170 
Phases, melting-freezing and_ solid- 
liquid, 74, 75 
Photocell sensitivity, measurement of, 
521 
Photodevices, capsulation of, 393 
Photodiodes, capsulation and dimen- 
sions of, 394 
Photosensitivity of a junction, 203 
Phototransistor diode, 204 
Phototransistor sensitivity, 205 
Phototransistors—capsulation of, 393 
characterization of, 486 
control charts for evaluation of, 522 
equivalent circuits for, 520 
germanium for, 252 
measurement of, 520 
spectral response of, 488 
yields of, 522 
Physical model for lifetime measure- 
ment, 274 
Piece part, base, 432 
Pilot production in zone-leveling, 45 
Pin-stem assembly, 339 
Planar diode, electronic functions in, 
188 
Planar junction diode, action of, 189 
Planar triode, characteristics of, 209 
Plastic bead, dimensions of, 429 
Plastic capsulation, 390-393 
Plastic, creep of, during capsulation, 
397 
Plastic, types of, suitable for capsula- 
tion, 397 
Plated intermediate layers, 344 
Plating with antimony or copper, 319- 
821 
Plating, inductive, 290 
Plating sequence, 345 
p-layer—oscillograms of, 871, 878 
thickness of, 155, 1638 
width of, 150 
Plotter for static charactoriation, 605 
Plotting charactorintion, clreult for, 605 
Plotting curves of aging rates, O20 
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Plots of aging tendencies, 619 
p-n diode, effects of humidity on, 384 
p-n hook collector, 220 
p-n hook, curves and geometry of, 404 
p-n junction, energy diagram of, 194 
Point-contact devices— 
germanium for, 256 
pre-aging of, 421 
Point-contact diode, notes on, 227 
Point-contact force, 366 
Point-contact, formed, 412 
Point-contact transistors, 401, 427-448, 
560-564, 600 
basing requirements for, 428 
capacitance measurement of, 528 
configurations of, 428, 429 
distortion-power output relation- 
ships of, 563 
early design of, 448 
effects of lead motions in, 443 
electrical requirements for, 427 
fabrication chart for, 431 
gain-power output relationships of, 
563 
header and leads of, 444 
hermetic sealing of, 427 
large-signal characteristics of, 558 
measurement of cutoff frequency in, 
531 
mechanical requirements for, 427 
models of, 402 
noise figure for, 553 
pre-aging of, 422 
properties of, 401 
size requirements for, 428 
static characteristics of, 560 
storage delay times in, 600 
structure of, 427-429 
Point-contact triode, design theory of, 
225-234 
Point contacts, stability of, 437 
Point contacts, pressure on, 436 
Point force, curves of, 367 
Point materials, 2438 
Point-by-point measurement of turn- 
ing points, 592 
Point pressure, 244 
Pointepremure contacts, 886 
Point probe, 870-872 
Point separation, effeata of, 442 
Points, shaping of, 487 
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Point spacing, 233, 244 
effects of, 442 
Point-stem assembly, 365 
Point structure, design of, 436 
Pointed wires, 337 
Polycrystalline germanium, 63 
Polycrystallinity, 45, 140 
Potential, profile of, 150 
Potential probe, 293, 294 
Potting compound, 386 
Powder (barium titanate, diamond, 
non-conducting, suspension, visi- 
ble), 290-292 
Power, noise, 549 
Power pre-aging, 421, 422 
Pre-aging, 421-423 
Precautions in doping, 147 
Precautions when measuring: 
admittances, 531 
alpha, 514, 516, 517 
alpha versus emitter current, 585 
with a bridge, 525 
capacitance, 527 
diode impedance, 523 
four-pole r’s, 507, 510 
input impedance, 513 
low-current devices, 577 
negative resistance characteristics, 
590 
by the null method, 517 
with a Q-meter, 526 
resistive parameters, 578 
short-circuit stable characteristics, 
594 
small-signal characteristics, 502 
turning points, 592 
y-parameters, 531 
Precautions in testing, 505 
Precise junction location, 369 
Precision measurement of alpha, 515 
Predictability of failures, 611 
Predicting reliability, 610 
Prediction by use of aging data, 621 
Pre-electrode semiconductor prepara- 
tion (Chapter 13), 303-322 
Pre-electrode surface treatment, 319- 
322 
Preparation of germanium single crys- 
tals (Chapters 4 and 7), 63-70, 
130-154 
Preparation, pre-electrode, 803-822 
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Preparation of single crystals (Part 
II), 61-164 

Preparation for zone-leveling, 35 

Pressure, point, 244 

Pressure of point contacts, 436 

Pre-tinning sequence, 345 

Preventive maintenance, 613 

Principles of device development 
(Chapter 9), 167-181 

Principles of device fabrication (Part 
III), 165-448 

Principles of fabrication (Chapter 11), 
238-263 

Principles of performance characteri- 
zation (Part IV), 449-605 

Principles of pulse and _ large-signal 
measurements (Chapter 25), 573- 
605 

Principles of reliability characteriza- 
tion (Chapter 27), 618-622 

Principles of small-signal parameter 
measurements (Chapter 24), 501- 
572 

Principles of transistor performance 
characterization (Part IV), 449- 
605; and (Chapter 23), 478-500 

Probe, point, 370 

Probe, potential, for locating junction, 
293 ; 

Probe, thermoelectric, for locating 
junction, 293 

Probes, four-point resistivity, 267-269 

Procedures (also see Methods; Tech- 
niques) 

Procedures—for etching, 356 

for final surface treatment, 385 
for forming, 407 

Process control, 471, 472 

Process control chart for forming, 421 

Process limits, 473 

Process variables, 453 

Process yields of grown-junction tran- 
sistors, 519 

Processing, electrical (also see Form- 
ing), 226, 245, 400-426 

Processing, electrical, definition of, 400 

Product yield, 473 

Production, design problems in, 451 

Production in zone-leveling, 45 

Profile of potential, 150 
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Programed crystal growing, 136, 164 
control chart for, 144 
Programing of crystal growth, 164 
Properties—of base layer, 296 
of diodes (recapitulation), 208 
control of, 184 
measurement of, 264 
their relation to structure, 401 
of the structure, 245 
Protection, chemical and mechanical, 
389 
Protection against failure, 614 
p-type region in formed collector, 230 
Pulled crystals, junctions in, 67 
Pulling method of preparing crystals 
(Chapter 4), 63-70 
apparatus and equipment for, 66, 69 
germanium for, 63 
single crystals by, 65 
Pulling rates—programing of, 164 
variation of, 105 
Pulse measurements, principles of, 573- 
605 
Purification— 
by directional solidification, 7-8 
by extractive methods, 55-58 
by fractional crystallization, 97 
of scrap germanium, 58-60 
by segregation, 19 
by zone-refining, 20-25, 32 


QUALITY CONTROL, 183, 472 

by sampling, 474 
Quality control chart for forming, 421 
Q-meter measurements, 525-529 


Rapiration—of heat, 248 
heat losses through, 120 
Radioactive tracers, 75 
Radioautographs of germanium bars, 
crystals, and ingots, 114-117 
Radio-frequency bridge measurements, 
524 
Range of characteristics, 471 
Rate of growthcontrol of, 156 
offeots of, 78 
variations in, 108, 105 
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Rate of travel in zone-refining, 33 
r-coefficients in characterization, 478, 
479 
Reactance of diode rectifier, 197 
Receiver, requirements for, 538 
Reclamation of scrap germanium 
(Chapter 3), 50-60 
Recombination in surface layers, 352 
Recovery of temperature control sys- 
tem, 162 
Reflecting boundary, 267 
Rectification, 189, 190 
measurements of, 13, 14 
at ohmic contact, 325 
surface states in, 401 
Rectifier reactance, 197 
Rectifier small-signal conductance, 196 
Rectifying contact, 327 
Reduction of germanium dioxide, 7, 28 
Reduction process, temperature cycle 
for, 29 
References; at ends of chapters 
Regulated supplies, circuit for, 604 
Regions—in characterization, 489, 573 
of negative resistance, 413 
transitions between, 493 
of voltage cutoff and saturation, 574 
Relationships between structure and 
properties of point-contact tran- 
sistors, 401 
Relationships, four-pole terminal cur- 
rent-voltage, 457 
Reliability (Part V), 607-622 
of components, 609 
definition of, 182, 609, 610 
design theory of, 183 
evaluation of, 614 
figure-of-merit for, 620 
of a system, 609 
Reliability characterization, 452, 618 
Reliability: a design objective (Chap- 
ter 26), 609-617 
Reliability table of merit, 620 
Reliability tests, 615 
Replacement interval, 622 
Reproducibility—definition of, 182 
design theory of, 183 
factors affecting, 262 
of performance characterization, 470 
Requirementa on charactoriation, 178 
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Research stages of development, 168, 
171 
Rise time, measurement of, 595 
Resin for capsulation, 395 
Resistance, base, 232, 233 
dependence on germanium resistiv- 
ity, 256 
Resistance, collector and emitter, de- 
pendence on germanium resistiv- 
ity, 257, 258 
Resistance at ohmic contact, 325 
Resistance, negative, 413 
Resistive parameters, 579-582 
Resistivity— 
acceptance tests for, 10-12 
control of, 68, 141 
dependence on arsenic concentration, 
151 
dependence on donor concentration, 
142 
doping curve for, 144 
effects on alpha and on collector 
voltage, 258, 259 
of germanium 53, 54, 57, 58 
of grown crystals, 148 
limits and range of, 32 
measurement of, 10, 31, 118, 149, 
264-272 
uniformity of, in crystal, 40 
variations in, 46, 105 
zones of, 34 
Resistivity profile of crystal, 285 
Response, active filter, 510 
Response curves of optical alpha, 299 
Response of phototransistor, 488 
Results of device development, 180 
Results of temperature tests, 441 
Reverse breakdown measurements, 294 
Reverse current of formed point-con- 
tact, 412 
Reverse diode characteristic, 203 
Reverse impedance, curves of, 316 
Reverse transfer characteristic, 462 
Rotating crystal, analysis for, 87 
Rotation rate, effects of, 91, 100 
r-parameters— 
in characterization, 458, 460 
evaluation of, 480 
measurement of, 578 
relationships among, 481, 498 
values of, in junction transistors, 518 
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SAMPLING OF MATERIAL, 300 
Sampling plans, 474 
Saturation current, 247, 250 
in diode, 195 
values of, 519 
Saturation region, 574 
Saturation region, collector voltage, 
490 
Saturation voltage, affected by con- 
tact movements, 437 
Sawing, methods of, 303-308 
SCO (starting charge only) method, 
26 
Scrap germanium, reclamation of 
(Chapter 3), 50-60 
Sealing (also see Capsulation) 
Sealing, hermetic, 348, 427 
Seed chuck for growing crystals, 138 
Seeds for growing crystals, 132 
Selection of material properties, 245, 
249 
Segregation, in purification, 19 
Semiconductor devices, letter symbols 
for (Appendix II), 628-633 
Semiconductor preparation, pre-elec- 
trode, 303-322 
Semiconductor terms, definitions of 
(Appendix I), 623-627 
Semiquantitative theory in prepara- 
tion of single crystals, 84 
Sensitivity of photocell, 521 
Sensitivity, spectral, 205 
Separation between junctions, 296 
Separation of points, effect of, 442 
Sequence for plating and pre-tinning, 
344, 345 
Shape—of capsules, 395 
of electrodes, 360 
of electrode springs, 335 
Shaping, 303-318, 437 
by abrasive blasting, 312 
by etching, 360 
by liquid honing, 313 
by magnetostriction, 310 
methods of, evaluated, 315 
of points, 437 
Shaping, mechanical, 808-318 
Shaping of points, 487 
Shock, mechanical effects of, 440 
Short-cireuit characterization, 486 
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Short-cireuit current gain, equation 
for, 497 

Short-cireuit current gain, grounded 


emitter, 485 
Short-cireuit relationships, 498 
Short-circuit representation, 478 
Short-circuit stable characteristies, 592 
circuit for measurement of, 593 
Shot noise, 545 
Shrinkage during capsulation, 395 
Sigma, as deviation factor, 471 
Silicon carbide cutting wheel, 308 
Single-conductivity crystals, 141 
Single-conductivity material, evalua- 
tion of, 265 
Single crystals, 46 
Single crystals—preparation of con- 
trols during growing of (Chapter 
8), 155-164 
preparation of (Part II), 61-164; 
and especially (Chapter 7), 130- 
154 
by the pulling method (Chapter 4), 
63-70 
solute elements in (Chapters 5 and 
6), 71-129 
Single crystallinity, 40 
Single-pass zone-melting, 20 
Slab, germanuim, 305 
Sleeve assembly, 365 
Slice, germanium, 305 
Slices, junction, 306 
Slices, measurements on, 283 
Slicing, methods of, 303-318 
Slopes of static characteristics, 480 
Small-signal admittance, conductance, 
and reactance, 196, 197 
Small-signal characteristics, 367, 501 
Small-signal coefficients, 479, 480 
Small-signal equivalent circuit, deriva- 
tion of, 218 
Small-signal measurements, 480, 501, 
502 
in breakdown diodes, 603 
Small-signal parameter measurements, 
principles of (Chapter 24), 501 
672 
Smallesignal parameters, 481-608 
Smallesignal performance characterisas 
tion, 466, 601 
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Small-signal problems, linearization of, 
475 
Small-signal relationships, 478, 479 
Soft breakdown, 203 
Solder flux, effect of, on formability, 
420 
Soldered contacts and electrodes, 325- 
332 
Soldered ohmic contact attachment 
(Chapter 15), 343-349 
Soldered ohmic contacts, 329-332, 343- 
349 
equipment and jig for, 347, 348 
fabrication of and materials for, 331 
Soldering by convection, 347 
Solid, concentration of solute in, 104 
Solidification, directional, 7 
Solidification in zone-melting, 20 
Solid-liquid interface, temperature dis- 
tribution near, 119-129 
Solid-liquid phases, 74 
Solidus, curve of, 73 
Solute atoms, conservation of, 83 
Solute concentration, 7, 17, 18, 72 
effects of doping on, 111 
fluctuations in, 109 
at interface, 108 
near interface, 44 
in solid, 104 
ultimate distribution of, 22 
Solute distribution—in crystals, 96 
in normal freezing, 16 
in zone-leveling, 25 
Solute elements, diffusion coefficients 
for, 93 
Solute elements, distribution of— 
in steady-state growth (Chapter 5), 
71-106 
under transient conditions (Chap- 
ter 6), 107-129 
Solutions for etching, 354 
Spacing of points, 233, 244 
Specification limits, 473, 617 
Spectral response of phototransistor, 
488 
Spectral sensitivity, 205 
Spectrum, noise, 549 - 
Speeds for cutting wheels, 809 
Spring shapes for electrodes, 835 
Spring structure, stability of, 480 
Squeese tool, 866 
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8-springs, deflection of, 368 
Stability tests, 469 
Stability—of C-spring structure, 439 
of point contacts, 437 
Stages of device development, 169 
Standard deviation, 471 
Standards on letter symbols for semi- 
conductor devices (Appendix II), 
628-632 
Starting materials, measurement of the 
properties of (Chapter 12), 264— 
302 
Starting-charge-only (SCO) method, 26 
Stages of device development, 168, 169 
Static characteristics (also see Charac- 
teristics; Characterization; Meas- 
urement), 458, 478, 479, 504 
determination of, by point probe, 
370, 371 
of electron tubes, 463, 464 
equations for, 476 
measurement of, 576 
of point-contact transistors, 560 
Static characteristics, large-signal, 490 
Static curves, plotter for, 505 
Statistical experimentation, 234 
Statistical nature of characterization, 
470 
Statistics, use in reliability testing, 615 
Steady-state characterization, 457 
Steady-state concentration for a finite 
growth rate, 82-96 
Storage, 187-201 
large-signal effect of, 201 
of minority carriers, 200 
Storage capacitance, 193, 199 
Storage delay time, distribution and 
measurement of, 598, 600 
Storage effect, decreasing or reducing, 
251 
Stream etching, 359, 360 
Striated concentration distributions, 
113-119 
Striated distribution, radioautograph 
of, 117 
Striations, in crystal, 113 
S-type bends, deflection of, 368 
Structural design for a point-contact 
transistor, 427-443 
Structural variables, 176, 4538 
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Structure, its relationship to properties, 
401 
Structures—assembly of, 441 
design of, 175 
external views of, 246 
of point-contact transistors, 430 
properties of, 245 
relation of, to properties, 401 
selection of, 245 
synthesis of, 178 
of transistor types, 330 
Study of material, 300 
Styrene, for capsulation, 395 
Substitution bridge, diagram, 525 
Summary of the design theory of 
transistors (Chapter 10), 182-234 
Supercooling, constitutional, 44 
Superoxol etch, 354 
formula for, 419 
Surface, cleaning of, 319 
Surface doping, 326 
Surface effects in diodes, 206 
Surface, etched, 355 
Surface layers in transistors, 352, 353 
Surface, plating and tinning of, 319 
Surface properties, effects on forming, 
418 
Surface states, importance in rectifica- 
tion, 401 
Surface treatment, final (Chapter 18), 
381-388 
Surface treatment, final, of wafer, 435 
Surface treatment, intermediate (Chap- 
ter 16), 350-361 
Surface treatment, pre-electrode, 319- 
322 
Survival curve, 622 
Susceptance variation method of meas- 
urement, 531 
Swept frequency generator, 540 
Swept frequency, modulation of, 539, 
540 
Switch, synchronous, 541 
Switching transistors— 
characteristics of, 580-582 
selection of germanium for, 260 
Symbols; listed at ends of chapters 
and summarized in Appendix II, 
628-633 
Symbols for semiconductor devices 
(Appendix IT), 628-633 
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Symbols used in characterization, 481, 
500 

Synchronous switch, 541 

Synthesis of transistor structures, 178 

System-component reliability,  pre- 
dicting, 621 

System development, a typical, 180 

System reliability, definition, 609 

System stage of development, 171 

System for temperature control, 159 


TABLE OF MERIT FOR RELIABILITY, 620 
Tangential forces on leads, 444 
Techniques (also see Methods; Pro- 
cedures )— 
of forming, 407 
for measuring lifetimes, 277 
Technology of germanium materials 
(Part I), 1-60 
Temperature contour, 41 
Temperature control in crystal grow- 
ing, 157-162 
Temperature curve, for zone-leveling, 
42 
Temperature cycle for reduction pro- 
cess, 29 
Temperature cycling, effects of, 441 
Temperature, dependence of, on dis- 
tance, 125 
Temperature distribution in crystal 
growing, 119-126 
Temperature, effects of, 250, 259 
Temperature fluctuations in crystal 
growing, 126-129 
Temperature gradients, 124 
Temperature tests, results of, 441 
Terminal equations, 457 
Terminations, circuit independence of, 
217 
Terms, semiconductor, definitions of 
(Appendix I), 623-627 
Test ingots of germanium, 9 
Tests—for acceptance of germanium 
dioxide, 8 : 
of aging, 178 
after capsulation, 860 
for junction impedance, 861 
of materiale for capaulation, 806 
for reliability, G15 
of tomperature oyeling, 441 
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Tests, acceleration, 440 
Tests, figure-of-merit, 469 
Testing of devices, 173 
Thermal constants for germanium, 121 
Thermal noise, 545 
Thermocouple, 160 
Thermoelectric measurements, circuit 
for, 13 
Thickness—of diffusion layer, 91 
of p-layer, 163 
Three-sigma limits, 471 
Thymatrol speed control, 137 
Thymatrol unit, 139 
Time, a factor of reliability, 610 
Tinning of surface, 319 
Tools—for assembly, 365 
for capsulation, 397, 398 
for fine squeeze, 366 
Topography of germanium wafer, 431 
Torque on leads, 444 
Tracers, radioactive, 75 
Transconductance in characterization, 
478, 479 
Transfer characteristics, 467, 573 
measurement of, 583 
of phototransistors, 487 
Transfer properties, 574 
Transform relationships, 499 
Transient behavior, measurement of, 
594 
Transient problems in junction crys- 
tals, 110 
Transition, abrupt or gradual, 251 
Transition region, 193 
Transition time, equation for, 495 
Transitions between regions, 493 
Transistor assembly, 364 
Transistor capsulation, 442 
Transistor, cartridge type, 338, 363 
Transistor characteristics, _measure- 
ment of, 179 
Transistor characterization (Part IV), 
449-605 
performance characterization, 478- 
500 
pulee and large-signal measurement, 
573-005 
emallaignal parameter  mensure- 
monta, HOLf72 
‘Traneetor design, atatuw of, 284 
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Transistor design theory, descriptive 
summary of (Chapter 10), 182- 
237 

Transistor distortion, 558 

Transistor effect, dependence of, on 
surface, 353 

Transistor efficiency, 565, 570 

Transistor elements, protection of, 387 

Transistor header, 429 

Transistor noise (also see Noise figure; 
Noise in transistors), 543-558 

Transistor noise characteristics, 548 

Transistor output characteristics, 491 

Transistor performance, factors affect- 
ing, 535 

Transistor, point-contact, 402 

Transistor receiver, requirements for, 
538 

Transistor reliability (Part V), 607-622 

Transistor reliability, evaluation of, 
614 

Transistor structures, 330, 430 

design theory of, 175 
external views of, 246 

Transistor triode, equivalent circuit 
for, 204 

Transistors (also see the various types, 
such as Cartridge transistors, Junc- 
tion transistors, etc.)— 

affected by humidity, 383 
before capsulation, 392 
development phases of, 174 
equivalent circuits for, 482 
equivalent representations of, 532 
external appearance of, 240 
structures of, 242 

Transmission, optical, 118 

Transport, 187 

Transport factor, 232 

cutoff frequency of, 216 
relation of, to frequency, 534 

Transport function in a triode, 215 

Travel, rate of, in zone-refining, 33 

Treatment, cleaning, 243 

Treatment—of surface, 381, 435 

of intermediate surface, 350 

Trial fabrication, 800 

Trigger voltages—cumulative distribu. 
tion of, 508 
measurement of, 505 
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Triode, planar, junction type, 209-220 
charge carrier density in, 211 
collector multiplication factor of, 214 
emitter efficiency and admittance of, 
211 

over-all alpha of, 217 

preferred circuit for, 210 

transport function and base resis- 
tance in, 215 

Triode, point-contact, 225-234 

collector efficiency and admittance 
of, 229 

comparison of, to diode, 227 

current amplification factor of, 229- 
231 

emitter admittance and efficiency of, 
228 

functions and operation of, 225 

transport factor and base resistance 


of, 232 
Triode, transistor, equivalent circuit, 
204 
Turbulence, effect on diffusion coeffi- 
cient, 94 
Turning points of characteristics, 590- 
592 
Turn-off time, affected by impregna- 
tion, 423 


Twinning, 45, 47, 140 
radioautographs of, 114, 115 

Two-point resistivity measurement, 150 

Two-terminal pairs, 457 


ULTIMATE CONCENTRATION AFTER ZONE- 
REFINING, 23 

Under-forming, 413 

Uniform distribution of solute, 101 

Uniform solid, extent of, 102 

Uniformity, compositional, 45 

Uniformity of resistivity, 41 

Unknown variables, 472 


VACUUM CAPSULATION, 388 

Valley turning point of characteristics, 
591 

Values—of alpha in junetion  transis- 
tors, 517 


of collector saturation current, 619 j 
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Values (continued) 
of g-parameters, 518 
of lifetime, 280, 281 
of r-parameters, 518 
Variables, design, 176 
Variables, environmental, 177, 453 
Variables, with frequency, 534 
Variables, independent, in character- 
ization, 457 
Variables, process, 453 
Variables, structural, 176, 453 
Variables, unknown, 472 
Variation—of alpha (with emitter 
current), 403 
in growth rate and pulling rate, 103, 
105 
of resistivity in ingots, 46 
in size of diffusive region, 415 
in yield within limits, 473 
Velocity of fluid, equations for, 89 
Velocity of growth, effect on distri- 
bution, 86 
Viscosity of liquid metals, 95 
Voltage—affected by eolleetor contact 
movements, 438 
distribution of, for diodes, 599 
during forming, 408, 418 
effect of, on noise figure; 556 
mesh equations for, 496 
Voltage, back, 15, 201 
Voltage, breakdown, 202 
Voltage generator, 483, 484 
Voltage-limiting diode, 202 


WAFER AND BASE ASSEMBLY, 430 

Wafer—etching of, 435 
topography of, 431 

Waveforms, collector, 595 


Wax, ozokerite, in capsulation, 396 
Welded contacts, 331 
Welding, in capsulation, 392, 393 
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Wheel speeds for cutting, 309 
Width of p-layer, 150 

Wire electrodes, 326, 337 
Wire, Kovar, 329 

Wire leads, forces affecting, 445 
Wishing-in, 474 


YIELD, SATISFACTORY, 473, 474 
Yields— 
of grown-junction transistors, 519 
of junction phototransistors, 522 
y-parameters, 529, 530 


ZERO-ORDER STAGES OF DEVELOPMENT, 
171 
Zone-leveler, 37 
Zone-leveling, 25-27, 34-49 
apparatus for, 35, 36 
appraisal of, 48 
definition of, 16 
experience data for, 34 
objectives of, 39 
pilot production in, 45 
SCO method of, 26 
single-crystal ingot produced by, 46 
single-pass method of, 25 
temperature curve for, 42 
Zone-melting processes (Chapter 2), 
16-49 
concentration curves for, 21 
single-pass method of, 20 
zone-leveling methods of, 25-27, 34- 
49 
zone-refining methods of, 27-34 
Zone-refined germanium bar, 31 
Zone-refining methods, 27-34 
apparatus for, 29, 30 
concentration curves for, 24 
definition of, 16 
purification by, 20 
rate of travel in, 33 


